D Universities Press tNG ' Nttl 

ENGINEERING 

THERMODYNAMICS 

T H R _0_U G H E X A M P L E S 

AM 


Y V C Rao 


Premier 12 


Universities Press (India) Private Limited 

Registered Office 

3-5-819 Hyderguda. Hyderabad 500029 (A.P.). India 
Distributed by 

Orient I*ongnun Private Limited 
Registered Office 

3-6-752 Himayatnagar. Hyderabad 500 029 (A.P.). India 
Other Offices 

Bangalore / Bhopal / Bhuhancsh war /Chennai 
Hmakulam / Guwahaii / Hyderabad / Jaipur / Kolkata 
Lucknow / Mumbai / New Delhi / Patna 

© Universities Press (India) Private Limited 2003 

First print 2003 
Reprinted 2005 

ISBN 81 7371 423 I 

All rights reserved. No part of this book may be reproduced 
of transmitted in any form or by any means, electronic or 
mechanical, including photocopying, recording or by any 
information storage and retrieval system, without permission * 
in writing from the publisher. 

Typeset by 
S.K. Typesetters 
Printed in India at 

Sree Kalanjjli Graphics. Hyderabad 500 029 
Published by 

Universities Press (India) Private Limited 
3-5-819 Hyderguda. Hyderabad 500 029 



Contents 


Chapter 1 

Basic Concepts 

1 -62 

Chapter 2 

Zeroth Law of Thermodynamics 

63-74 

Chapter 3 

Properties of Simple Compressible Fluids 

25_= 136 

Chapter 4 

First Law of Thermodynamics 
and its Applications 

131=236 

Chapter 5 

Second Law of Thermodynamics 

237 - 322 

Chapter 6 

Thermodynamic Potentials and Avalibilitv 

328 - 363 

Chapter 7 

Thermodynamic Relations 

364c: 420 

Chapter 8 

Power and Rcfcrigeration Cycles 

421-504 

Chapter 9 

Nonreacting Gas Mixtures and Psychrometry 

505 - 566 

Chapter 10 

Combustion and Chemical Thermodynamics 

567^654 

Appendices 


655 - 680 

Nomenclature 


681-688 

Index 


689 - 694 


Urbeberrechtlich geschutzlos Material 



1 


Basic Concepts 


Example 1.1 

List some of the main activities of an engineer and how are they related to a 
study of thermodynamics ? 

Solution : 

The main activities of an engineer are concerned with : 

1 . The design and development of new processes or the improvement of the 
existing processes. 

2. To use the available resources namely space, material, energy and time in 
an optimal way. That is. the processes are to be designed such that they 
require minimum energy, space and material to perform the required tusk. 

Example 1.2 

An engineer w ho is entrusted with the task of producing methanol according 
to the reaction 

CO (gas) + 2H, (gas) -» CH,OH (liquid) 

would like to know the answers to a lew questions, before he undertakes the 
design and development of a process. List some of the questions which can be 
answered by a study of thermodynamics. 

Solution : 

Application of thermodynamic principles would provide solutions to the 
following questions. 

1. Whether the anticipated reaction is feasible or not at the specified 
temperature and pressure. 

2. If the reaction is feasible, to what extent the raw materials can be converted 
into products or what is the degree of conversion ? 
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3. Is it possible 10 alter the degree of conversion by changing the pressure 
and temperature at which the reaction is taking place ? 

4. Is it possible to increase the degree of conversion by controlling the ratio 
of reactants while they are fed to the reactor ? 

5. How much energy is required to change the slate of the reactants to the 
desired pressure and temperature ? 

6. How much energy is required to separate the desired product from the 
byproducts and reactants ? 

7. How much energy is required to carry out the reaction 7 


Example 1.3 

Thermodynamics can be studied by adopting cither a macroscopic or a 
microscopic approach. Distinguish between macroscopic and microsocopic 
approaches. 

Solution : 

Thermodynamics can be studied by adopting two different approaches, 
namely, macroscopic aria microscopic. In the macroscopic approach, the state of 
matter is described by specifying only a small number of variables and these 
variables can be measured or estimated. For example, the state of a gas enclosed 
in a container can be described by specifying the pressure (P), temperature (73 
and volume ( V). all of which can be easily measured. In the macroscopic approach 
the structure of matter under consideration is not taken into account. That is, the 
state of a gas. liquid or solid can be described by specifying the variables like /! 
Tand V. 

All matter consists of a large number of microscopic particles called atoms 
and molecules. In the microscopic approach the structure of matter or the state of 
agregation, like gas. liquid or solid is taken into account. The atoms or molecules, 
constituting the matter, move at random with independent velocities and there 
exist intermolccular attractive and repulsive forces. In the microscopic approach, 
the state of matter is described by specifying the position and velocity vectors of 
each of the constituting atoms or molecules and the intermolccular forces that 
exist among them. Thus, in the microscopic approach a large number of variables 
are required to describe the stale of matter and these variables cannot be directly 
measured. A knowledge of the structure of matter is essential in analyzing the 
behavior of the matter. 

The macroscopic approach is adopted in the study of classical thermodynamics 
whereas the microscopic approach is adopted in the study of statistical 
thermodynamics. 
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Example 1.4 

For a thorough understanding of any science it is essential to have a good 
knowledge of the units of measurement. Every system of units adopts a few base 
units. What are the base units in the International System of units.? 

Solution : 

The base units adopted in the International System of units (or SI units) arc : 

Kilogram (kg) for mass: metre (m) for length ; second (s) for lime ; 
Kelvin (K) for temperature: mole (mol) for quantity of matter ; ampere (A) for 
electric current and candela (cd) for luminous intensity. 

Example 1.5 

Define the base units (a) metre lb) second (c) Kelvin and (</) mole. 

Solution : 

1. Metre (m) : In I960 the General Conference on Weights and Measures 
(Conference Generale dcs poids ct Measures, abbreviated as CGPM) 
defined the metre as the length equal to 1.650. 763.73 wavelengths, in 
vacuum of the radiative transition between 2p 10 and 5d, in krypton - 86. 

2. Second (s) : The CGPM 1967 defined the second as the duration of 9. 
192, 631. 770 periods of the radiation corresponding to the transition 
between the two hyperfine levels of the ground state of cesium - 1 33 atom. 

3. Kelvin (K) : The CGPM 1967 defined Kelvin as equal to 1/273.16 of the 
thermodynamic temperature of the triple point of water (0.0 1 °C). 

The relation between the Kelvin scale of temperature and the Celsius 
temperature scale is given by 

K = “C + 273.15 

4. Mole ( mol) : The CGPM 1 97 1 defined the mole as the amount of substance 
which contains as many elementary entities as there arc atoms in 0.012 kg 
of carbon - 12. 

The number of elementary entities in one mole is equal to the Avogadro's 
number 6.022 045 x I0 3 '. When the unit mole is used it is necessary to specify 
the elementary entities as atoms, molecules, ions, electrons etc. 

Example 1.6 

What are the principal features of the SI units ? 

Solution : 

All the physical quantities are classified into two groups as primary quantities 
and secondary quantities. The primary quantities are measured in terms of the 
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base unil.s anil the secondary quantities are measured in terms of derived units. 
The principal features of the SI units ate : 

1 . Minimum number of base units (only seven) are used to cover the field of 
science and engineering. 

2. Based on the definitions or physical laws, the derived units are obtained in 
terms of base units. The derived units do not contain any arbitrary constants. 

3. The familiar derived units have been given internationally accepted names, 

4. Multiples and submultiples of units have been recommended to facilitate 
the use of SI units to cover a wide range of values. 

Kxamplc 1.7 

Derive the dimensions of the derived units-forcc. pressure, energy and power 
and name their SI units. Also provide the relations between the base units and 
derived units. 

Soluliim : 

The Newton’s second law of motion gives force (Ft as the product of mass 
(m) and acceleration (a). That is 



where L is distance and / is time. 

Units of F = kg^ = kg m s' ! = N (newton) 
s' 

Force has the dimensions MLT ~ 2 

The SI unit of force is named as newton (abbreviated as N) in honor of the 
Scientist Newton. One newton is the force required to produce an acceleration of 
I m/s : in a body of mass I kg. 

Pressure (P) is defined as the force per unit area. That is 
P = F/A 

Units of P= — =kgm'‘s' 2 = Pa (pascal) 

ITT 

Pressure has the dimensions ML-'T* 

The SI unit of pressure is pascal (abbreviated as Pa) and Pa = N / m 2 

If a force Fading on a body moves it through a distance l. in the direction of 
the applied force, then the work done ( VP) (or the energy transferred to the body) 
is given by 
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Note 


W = EL 

Unils of energy = kg m s'- in = kg m : s* 2 = I (joule) 

Dimensions of energy = Ml? T- 

The SI unil of energy is joule (abbreviated as J) and J = N m 
The power is the rate at whieb energy iseonsumed or delivered per unil lime, 
Thai is 


Power = 


Energy 

Time 


Unils of powers ^ 111 !i — = kg m 2 s'* = W (wall) 
Dimensions of power = ML? T' 

The SI unil of power is wall (abbreviated as W) and W = J/s 


Pie SI units newton, pascal, joule and wall which are named after the famous 
scientists are abbreviated using the capital letters N. Pa, J and W. All other units 
are abbreviated using the lower case letters. 

Example 1.8 

What are the accepted prefixes in SI unils to express large and small 

quantities ? 

Solution : 

The internationally accepted SI prefixes are given below. 


Factor 

Prefix 

Symbol 

Factor 

Prefix 

Symbol 

10 

deca 

da 

io-' 

deci 

d 

I0 2 

hecto 

h 

io - 2 

ccnii 

c 

10' 

kilo 

k 

IO"’ 

milli 

m 

IO 6 

mega 

M 

io - 4 

micro 

M 

10’ 

giga 

G 

io- 

nano 

n 

I0 12 

lera 

T 

io - 12 

pico 

P 

10" 

peta 

P 

10 " 

femto 

f 

IO" 

exa 

E 

IO'* 

alto 

a 
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Example 1.9 

Whai conventions are recommended by CGPM ro express the SI units and 
quantities? 

Solulitm : 

The following conventions are recommended by CGPM to express the SI 
units and quantities. 

1. The symbol of a prefix should be combined with a single unit symbol 
forming a new symbol. For example 1000 x Pa = kPa. 

2. Compound prefixes should not be used to express a quantity. For example 
10 “m cannot be written as I m pm (milli micro metre), but should be 
expressed as I nm (nanometre). 

3. The SI base unit for mass is kg which already contains the SI prefix k (for 
kilo). Therefore. 10"* kg can be expressed as I mg and not as I pkg. 

4. Except at the end of a sentence, a period (.) should not be used after a 
symbol of an SI unit. 

5. Capital letters should not be used is SI units while writing in full, except 
at the beginning of a sentence. They should be written as pascal, newton, 
joule etc. 

6. The unit symbols should not be used in plural form. It is incorrect to write 
ISO Js for 150 joules but it should be written as 150 J. 

7. The unit symbol should be placed after the numerical value, leaving a 
space in between the numerical value and the unit symbol. 

8. Care should be taken to avoid confusion between the SI prefix milli (m) 
and the base unit metre (m) while expressing a quantity. For example. 
mN is used for millinewton. where as m N is used to express (metre x 
newton). Similarly ms stands for millisecond while m s indicates 
(metre x second). 

9. When a unit, is obtained b" multiplication or division of two or more 
units, they can be indicated as shown below: 

newton x metre = N m 
metre + (second) 2 = m/s 3 or m s' 3 

10. The SI prefixes should be selected such that the numerical value lies 
between 0.1 and 1000. Forexample. 101 325 Pa can be written as 101.325 
kPa or 0.101 325 MPa; 55004 (= 5500 X I0~“ cm) can be written as 550 
nm. 

However, when the values are presented is a tabular form, for the same 
quantity, it is advisable to use the same SI prefix throughout even if some of the 
numerical values lie outside the range 0.1 to 1000. 
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II. While writing a quantity with several digits, to facilitate reading, they 
should be separated into groups of three, counting from the decimal point 
towards right and left. These groups should be separated by a small gap 
and should not include a comma. 

Kxamplc 1.10 

If a long glass tube closed at one end is completely evacuated and the open 
end is immersed in a ptxil of mercury, keeping the glass tube upright, the mercury 
rises in the glass tube. At one standard atmospheric pressure, the mercury rises 
to a height I/O of 760 mm. If the acceleration due to gravity Igl is 9.806 65 m/s-' 
and the density (p) of mercury is 1 .359 51 x 10* kg/m\ what is the value of the 
standard atmospheric pressure in SI units ? 

Solution : 

The pressure everted by the column of mercury, which is balanced by the 
standard atmospheric pressure is given by 

P = p lig = 1 .359 5lxl0*(i)x 760 (mm) x ^ | — j x 9.806 65 

-'“'““■‘'(fKi) 

= 101 325.01 Pa = 101. 325 kPa 



Note 


1. The SI unit ol pressure I Pul is i/nite small in magnitude and lienee for 
convenience it is customary to express pressure in kilopaseal IkPul or 
tnegapuscal (MPa). 

2. Then - are certain units which are outside the SI and an ■ recognised because 
of their practical convenience. They are I litre {!) = I x 10' cm'; I liar = 
/O' Pa = 100 kPu. 

3. The pressure exerted In I millimetre column of mercury is named as Torr. 
Usually suhatmospheric pressure or pressure below atmospheric pressure 
is expressed in Torr. 

I standard atmospheric pressure =101.325 kPa = 1.013 25 bar = 760Torr 
I Torr= 1 33.322 Pa 


Kxamplc 1.11 

Express the following quantities as indicated. 
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(<r) 300,000.000 W in kW and in MW 

(fe) 10 kPa in bar and in Torr 

(r) 20 dm' in litre and in m’ 

id) 2A in pm and in nm 

(e) I g/cm' in kg/m* 

if) 0. 1 5 J in kJ and in mJ 

Solution : 

(a) 300.00.000 W = 300.000 kW = 300 MW 


( b ) 10 kPa = 


10x10* 

I0 5 


= 0.1 


bar 


,0 kPa = f -*-)= 75.006 Ton 

133.322 (.Pa/TorrJ 

(c) 20dm'=20dm'x^|0^pj = 20x 10* cm' = 20/ 


20dm' = 20dm’ x ( 10 ” 1 ^] = 0 02m ' 


id) 2 A = 2(A) x I0~* 


( A )* 100 (cm ) 

= 2 x I0**pm = 0.2 nm 


2xl0" 10 m 


<e) I - £ r = l(- i r]x7^(— 100—) =1x10* kg/m* 
cm \earj I000i_ g m ) 


if) 0.15 J= 0.000 15 kJ= 150 mJ 


Example 1.12 

According lo Newton’s universal law of gravitation, the force IF) between 
two bodies of masses m, and m, which are separated by a distance K is given by 



where G = 6.672 x I0~" N m ! kg' 1 , is the universal gravitational constant. 



(a) Given that the radius and mass of eanh are 6371 km and 5.9659 x I0 :J 
kg respectively, estimate the acceleration due to gravity on earth. 

( b ) Given that the radius and mass of moon are 1 738 km and 7.35 x 10“ kg 
respectively, estimate the weight of an astronaut of mass 70 kg on moon. 

(c) Determine the ratio of the acceleration due to gravity on earth to the 
acceleration due to gravity on moon. 

Solution : 

(a) Let m = mass of a body. 

Gravitational force acting on the body. F = = mg 


or 


GM, 6.672 x 10 x 5.9659 x 10 24 

g = — r t = r; =9.8066 m/s 2 

R; (6371 xio'r 


(hi Weight of the astronaut = Force exerted by the astronaut as a result of 
gravitational force field 


GmM„ 6.672 x 10 ~" x70 x 7,35xl0” 
/£ (1738x10 s ) 2 


, S GM r 

Xc-h = ~zr - 


GM„ 

k ! . 


he* R - y' 


5.9659xl0 :i ( 1738^ , 

- 6j 


Example 1.13 

An experiment is designed to correlate the volumetric (low rale of fluid 
through a pipe of uniform cross section with the pressure drop across a specified 
length of the pipe. In this experiments a U- tube manometer with mercury (p = 
1 .3595 x 1 0* kg/m') is used to measure the pressure drop of a fluid, the density of 
which is 800 kg/m'. At a particular flow rate, the difference in the levels of 
mercury in the two limbs is 20 cm. Determine the pressure drop. 

Solution : 

The mercury manometer is shown in Fig.E 1 . 1 3. At the surface S-S. pressure 
is the same. Hence pressure exerted by the fluid in the left limb AS is identical 
to the pressure exerted by the fluid in the right limb BS. That is 



10 


ENGINEERING THERMODYNAMICS THROUGH EXAMPLES 


P* + P,gO' + l) = P ll + P l g(l) + P„gh 
or P A -P, = gh( p.-p,) = 9.8l x0.2 x (1.3595 x 1 0* — 800) 

= 25.104 kPa 



Fig.E 1-13. Sketch for Example 1.13. 


Example 1.14 

The atmospheric pressure is due to the air surrounding the earth. Assuming 
that the air behaves like an ideal gas (P = p RT) where p is molar density, 
mol / m’ and the atmospheric air has a uniform temperature T, derive a relation 
to estimate the pressure as a function of altitude. 

Solution : 


(P * dP) A 



Fig.E 1.14. A differential volume elrment of the atmospheric air. 
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Note 


Consider a dilTereniial volume element of the atmospheric air as shown in 
Fig.E 1.14 and apply the force balance to obtain 
(P + dPl A + MpA gdh = Wt 
where M is the molar mass of air 


-<IP = gMpdli =—--,lh 


" Mg J/r. p 


Mg 


In (/’//},» 


or 


P-P„ exp 



Example 1.15 

What is molar mass ? Assuming that atmospheric air is a mixture of nitro"en 
and oxygen in the mole ratio 79:21 estimate the molar mass of air. 

Solulion : 

The mass of one mole of a substance is called molar mass. 

Basis : I mole of air. 

N , present in air = 0.79 mol and O, present in air = 0.21 mol 
Molar mass of Nitrogen = 28 x 10"' kg : 

Molar mass of Oxygen = 22 x 10"' kg 

Molar mass of air = 0.79 x 28 x 10"' + 0.21 x 22 x 10"' 

= 28.84 x 10 ’ kg 


The molar ouu of air is usually taken as 2K.V7 x I0~' kg because of the 
presence of small i/uantilies of CO, anil argon. 

Example 1.16 

Define a thermodynamic system and slate its characteristics. 
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Solution : 

A definite quantity of matter (which is enclosed by a boundary that separates 
it from the rest of the universe) on which we focus our attention for thermodynamic 
analysis is called a thermodynamic system. 

The important characteristics of a system arc: 

1 . A system contains a definite quantity of matter . This quantity does not 
undergo any change as the system undergoes a process.Thercforc, a system 
is sometimes called as Control mass. 

2. The boundary enclosing the system may be real (for example the glass 
wall of a thermos flask acts as a boundary for enclosing coffee (system) 
contained in the flask) or imaginary (for example one may focus his 
attention on air contained in I nt x I m x I m space of a room). 

3. The system boundary may be rigid or may change its shape, as well as in 
size during a given process. That is the volume of a system may undergo a 
change. 

4. The system may exchange energy either in the form of work or heat or 
both, with its surroundings or with other systems. If a system does not 
exchange energy, in the form of work as well as heat, with its surroundings 
it is called an isolated system. 

5. A system may be very simple, like a certain quantity of coffee held in a 
thermos flask or it may be complex like a huge petrochemical plant. 

6. The choice of a system is not unique and it depends on the analyst. 


Note All matter external to the system is called surroundings. The combination of 
a system and its surroundings is called universe. 

Example 1.17 

What are the essential features of a thermodynamic property ? 

Solution : 

A thermodynamic property is a characteristic which can be used to describe 
the state of a system. The essential features of a property arc: 

1 . A thermodynamic properly should have a definite value when a system is 
in a particular state. 

2. The change in the value of the property should not depend on the path 
followed by the system in reaching the specified state. In other words, the 
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\otc 


change in ihe property depend*, on the initial and final stales of the system 
only That is Ihe change in the property Z can be written as 

2 

j rfZ-AZ-Zj-Z,. 

I 

That is a thermodynamic property is a point function or stale function and it 
is not a path faction. In other words, its differential is exact. 


If Z = Z lx.yl.ihcn 

HflMf)*'*"""’’ 

ilZ is an exact differential if 



Example 1.18 

For a particular thermodynamic system, the following expression has been 
suggested for the differential of pressure I Pi. 



Where T is temperature, v is volume, a. b and R are constants. 

Judge whether the given differential is exact or not. If it is exact find Ihe 
relation between P v and T. 

Solution : 

The given relation tells that P = P (7». Then 


•IP 


f?)^ + (f^I ^ “ M, ‘ T * NdV 


(A) 


M = (dPIdT, and N = 



Where 
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The given differential for pressure is 
RdT 


Comparing Eqns. (A) and (B). we get 


» * and „ = ^I_ + 2£ 

v ~ h iv-b) 1 V ' 

The given differential will be exact if and only if 


3M] 

3vJ r = iarJ, 


(C) 


Therefore, let us check whether Eqn. (C) is satisfied or not. 

-R 
- fc ) 2 


Eqn.(C) is satisfied. Hence, the given expression is an exact differential. 

To determine the explicit relation P = P (T.v). we can partially integrate M 
with respect to T and obtain 


-R .(dN\ -R 

l di- j r (v-f>) 2 m larj, (v-i 

Hence, the given expression is an 
;plicit relation P=P (T.v). we can 
■tain 

<d> 

Whcrc/(v) is an integration constant, which is a function of v only. To determine 
the value of/(v). we can evaluate | ^ j from Eqn. ID] and compare it with the 
given value of N 


(SI- 


r 2a 

( v-br (v-br v J 


or /’(>') = — °r /<*') = -?+ C (E) 

Where C is a constant which is independent of both T and v. Now. substitute 
for/(v) from Eqn. (£) in Eqn. (D) to obtain. 
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Example 1.19 

Determine the explicit relaiion P = P (T, v) for Example 1.18 by partially 
integrating ,V= j with respect to v. 

Solution : 


R , -RT 2a 

— - and N = r + -r 

i-b U-b) 2 v' 


Whete HT) is an integration constant, which is a function of T only. To 
from Eqn. (A) and compare it with 

the given M. 


(Hr ) 

determine the value of JiT). evaluate I — I 


(I); 


v-b v—b 

f\D = 0 or/ \T) = C 

Where C is a constant which is independent of T and v. 
Substitute the value of /(T) from Eqn. (£)) in Eqn. (A) to obtain 


RT 

-b 


+ r 


Example 1.20 

Rework Example 1 . 1 8 by simultaneously integrating both the terms to obtain 
the relation P*P(T. v) 

Solution : 

The given relation is 

t/p = _ | — _ -a ] ^ (See Example 1.18) 

y-b |(v -*) 3 v'f 

Integration of the above relation gives 
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Where C is an integralion constant. 

In Eqn.t/t). il is necessary to drop one of ihe lerms which is repealed. In Ihis 


P = 


RT a 
v-b ~ v 2 


C 


Example 1.21 

Verify whether 

dZ = (4xy + 4 V 2 ) dx + (hr + 8 xyWv 
is an exacl differential or nor. If exact find Z = Zlx, y). 

Solution : 

dZ = (4rv + 4>-) dx + (2x~ + 8xv) dy = Mdx + Ndy 
where M = 4.rv + 4 y 2 

and N=2r + txy 

If dZ is an exact differential it must satisfy the condition 



Therefore, let us check whether the above condition is satisfied or not. 

(f), = | (4 ' ,J ' +4 > r ’ , = 4X + 8v 

(?),= J^ +8 ^ ,=4x+8y 

Therefore Eqn. (4) is satisfied. Hence dZ is an exact differential 
To determine Z = Zf-r.y), one can partially integrale M w.r.l-r. or N w.r.Ly. 
Integrating M partially w.r.I.x. we gel 

Z = JAfrfr = J(4«y + 4 V 2 ) dx = lx 2 )- + 4x> J +Jly) (B) 
where f(y) is a function of v only. 

Integrating N partially w.r.t. v. we get 

Z=INdy = J(2x 2 + 8xy)dy=2x 1 y + 4xy 2 +Jlx) (O 
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where J[x) is a function of x only. 
From Eqn. {ti ) wc get 
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= 2x : +&x) + ny)=N = 2x 2 +Xxy 

or f'(y) = 0 or f(y) = C 

Where C is a consianl which is independent of x and y. Hence 

Z=2irv + 4x>” + C (D) 

Alternatively, form Eqn. (O we get 

(fj) = ‘•»> , + ‘*y J + /'(a)=A/ = 4.ry+4y J 

or /'(x) = 0 or fix) = C 

where C is a constant which is independent of x and y. Hence 
Z = Iry + 4xy ! + C. 

Example 1 .22 

Distinguish between extensive and intensive properties with the help of an 
example. 

Solution : 

The properties which depend on the mass of a system arc called extensive 
properties, where as the properties which are independent of the mass of a system 
arc called intensive properties. At NTP (normal temperature and pressure i.e. at 
0°C and I standard atmospheric pressure) one mole of a gas occupies a volume 
of 22.4 litres. Consider two systems A and B such that system A contains one 
mole of oxygen at NTP and system B contains 1 0 moles of oxygen at NTP If one 
measures the volumes occupied by the systems A and B. it will be found that 
system B occupies a volume of 224 litres which is equal to ten limes the volume 
occupied by system A. That is the volume occupied by a system depends on the 
mass of the system and hence volume is an extensive thermodynamic property. 
Measurements of temperature and pressure show that systems A and B will have 
the same temperature (0“C) and pressure ( I standard atmospheric pressure). That 
is. the properties P and T do not depend on the mass of the system and they are 
called intensive properties. 

Note I. The ratio of an extensive properly to the mass (or the property per unit 
mass) is called the specific property. For example 
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Specific volume, 


Total volume v , , , 

= — = in /kg 

Total mass m 


2. The ratio of an extensive property to the mole number lor the property per 
mole l is called the molar property. For example. 


Molar volume, 


Total volume 
Mole number 


— = m'/ mol 
n 


For simplicity of notation H e use v to denote, both molar volume and specific 
volume. The units mV kg or in' / mol indicates whether it is specific volume or 
molar volume. 


Example 1.23 

Classify the following properties, (a) pressure lb) temperature (cl volume 
Id) internal energy (e) volume per mole If) mass (g) enthalpy per unit mass. 
Solution : 

Extensive property : (c): (</): If) 

Intensive property : (a): lb) 

Specific property : (g) 

Molar property : (e) 


Example 1.24 

Assuming that the molar volume of a system depends on pressure and 
temperature, derive the following relation. 

^- = fh/T-KdP 


Where 



coefficient of volume expansion 



Isothermal compressibility 


v = v(T. P ) 



Solution : 
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= $dT-KdP 


Example 1.25 

Show that 

Solution : 
Consider 



v = v (T. P). Then 


— = P</T-K</P (See Example 1.14] 

or dv = P vitT - KvdP 

Since volume is a property, its differential must be exact. Therefore, the 
following condition must be satisfied. 


[sH, - -[sH, 

rap> rate'! 

Up Jr UpJ, 


Example 1.26 

Explain the meaning of the terms 
(a) kinetic energy 
(ft) potential energy 
(c) mechanical energy. 

Solution : 

lal Kinetic energy. The energy possessed by a body by virtue of its motion is 
called the kinetic energy. If a body of mass of m moves with a velocity V the 
kinetic energy (KE) possessed by the body is given by 

KE= |mV 2 

lb) Potential energy. The energy possessed by a body by virtue of its location 
or configuration is called potential energy. If a body of mass m is at an elevation 
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of A above Ihc datum plane, the potential energy (PE) possessed by the body is 
given by 

HE = mgh 

where g is the acclcralion due to gravity. 

A compressed spring or a stretched rubber band also possesses potential 
energy. 

(c) Mechanical energy. The sum of the potential energy and Kinetic energy 
of a body is called the mechanical energy of the body. 


Note I . The kinetic energy and potential energy possessed hy a body can be 

estimated in terms of i microscopically measurable quantities (\ and h) 
and hence they are called macroscopic modes of energy. 

2, The kinetic energy and potential energy can be completely converted from 
one form to the other. These are the most useful forms of energy, 
j. The principle of conservation of energy for mechanical systems I proposed 
by Leibnitz ) states that the sum of the kinetic energy and potential energy 
I mechanical energy) remains constant during the motion of a body. 

Example 1.27 

An elevator having a mass of 2000 kg is moving upright and after reaching a 
height of 80 m above the ground level the cable holding the elevator breaks. The 
elevator falls freely to the ground level where it hits a strong spring and brought 
to rest at the position of the maximum spring compression by a locking 
arrangement. Assume that there is no friction between the elevator and its shaft. 
Calculate 

(a) The potential energy of the elevator at the moment when Ihc cable is 
about to break. 

(ft) The work done on the elevator in raising it to the height of 80 m above 
the ground level. 

(c) The velocity and the kinetic energy of the elevator when it is about to 
touch the spring at the bottom. 

Solution : 

(a) Potential energy, PE = mgh = 2000 x 9.81 x 80 = 1569.6 kJ 
(ft) Minimum force required (o move the elevator. F = mg 
Work done. W=Fs = mgh = 1 569.6 kJ 
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(c) When the cable is about to break. PE = 1569.6 kJ; Kinetic energy, 
KE = 0 

PE + KE = 1 569.6 kJ 

When the elevator falls freely under gravity and when it is about lo touch the 
spnng PE = 0. Since total energy remains constant 
KE = 1569.6 kJ 


or 


KE = 


mV* 

2 


2x1569.6x10' 


2000 


Example 1.28 

It is required to eject a projectile of mass 2 kg from a rocket, so that it reaches 
to a maximum height of 300 m. Calculate the velocity with which the projectile 
should leave the rocket. The projectile after reaching the maximum height falls 
freely and on the return path it hits a tower after travelling a distance of 250 m. 
Calculate the velocity with which the projectile hits the tower. 

Solution : 

When the projectile reaches the maximum height, its Kinetic energy KE = 0 
and potential energy, PE = mg/i = 2 x 9.81 X 300 = 5886 J 
PE + KE = 5886 J 

While the projectile is freely falling^ its total energy (PE + KE) = 5886 J 

At a height of 50 m above the ground, that is after travelling 250 m during 
the return path. 

PE = mgh = 2 X 9.8 1 X 50 = 98 1 J 

Therefore KE = 5886 - 981 = 4905 J 


Velocity of the projectile when it hits the tower. V 


or 


v = j2^ = 70 04 


/ s 


Example 1.29 

A diatomic molecule can be modelled as a system of two particles connected 
to each other by a spring. It is well known that the gas m. ecules are not at rest 
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Note 


and they move at random wiih independent velocities. Consider I cm’ sample of 
nitrogen gas at NTP held in a rigid container resting on a table top. Considering 
the table top as the datum plane Joes the gas possess potential energy, kinetic 
energy, internal energy? Explain the origin of the internal energy for the gas. 

Solution : 

At NTP. the number of molecules in I cm’ is approximately I0 W . The sample 
of gas is resting on the table top. At a macroscopic level, the gas sample is not 
moving and hence its KE is equal to zero. Considering the table top as the datum 
plane, the PE of the gas sample is also equal to zero. Thus the gas docs not 
possess any macroscopically observable modes of energy. 

At a microscopic level, the gas molecules move at random. If V (( , and V /i 
denote the velocity vectors of a molecule ■ in x.y and : directions, the translational 
kinetic energy possessed by a molecule is m (V* + + Vj ) / 2. where m is the 

mass of a molecule. Consider the line joining the two nuclei of nitrogen atoms as 
the X-axis and place the centre of mass of the molecule at the origin of the 
coordinate axes. Then the molecule rotates about Y and 7. axis and possesses 
rotational kinetic energy. The rotational kinetic energy for rotation about each 
axis is given by I (a 2 / 2. where / is the moment of inertia of the molecule about 
the centre of mass and to is the angular velocity. In addition to the translational 
and rotational motion of the molecule as a whole, the atoms of the molecule 
vibrate about their equilibrium positions. Then the molecule possescs certain 
vibrational energy which is associated with the vibrational motion. At a 
microscopic level, it is not possible to measure the translational, rotational and 
vibrational energies possessed by each molecule. These modes of energy are 
called microscopic modes of energy. Similarly any sample of gas possesses 
electronic energy, nuclear energy, etc. in addition to the above modes of energy. 
The sum of the energies associated with all these microscopic modes is called 
the internal energy. Therefore, the sample possesses internal energy which cannot 
be measured at a macroscopic level. 


The energy /uissessed by a system due to its location or configuration is 
called potential energy. The energy possessed by a system by virtue of its motion 
is called kinetic energy. A macroscopic system possesses PE. KE and internal 
energy (U). Then the total energy ( E ) of the system is given by 
E=KE + PE + V 


Example I JO 

Distinguish betw een steady state and equilibrium with the help of an example. 



Solution : 


Suppose one end of a copper rod is kepi in coniacl wilh condensing steam at 
I00“C while the other end of the rod is in contact with melting ice at 0"C. Then 
energy flows through the copper rod in the form of heat from the condensing 
steam to the melting ice. At time / = 0. that is at the instance when the copper rod 
is suddenly brought into simultaneous contact with the condensing steam and 
melting ice. the temperature of the rod is uniform along its length. Measurement 
of temperature at a specified location of the copper rod res'eals that the temperature 
gradually changes with time initially and attains a constant value after some 
time. There w ill be no further change in the temperature of the rod (at a specified 
location), however long one may observe. This observation will be true at any 
location of the rod and the temperature of the rod continuously varies from 1 00"C 
at the condensing steam end to 0“C at the melting ice end. Then the copper rod is 
said to be in a steady stale. Steady state implies that the properties (like temperature 
in this case) do not change with respect to time. In other winds, the time derivatives 
of properties at any given location (say <IT / ill ) is equal to zero in steady state. 

Now. isolate the copper rod (system) from the condensing steam and melting 
ice baths and measure the temperature at any specified location of the rod. The 
temperature gradually changes again and attains a definite value which will not 
undergo any further change. Measurement of temperature at several locations 
along the length of the rod indicates that the temperature is uniform through out 
the length of the rod. Then the system is said to be in a state of equilibrium. In a 
state of equilibrium, the system has no tendency to undergo any further change. 
Equilibrium is a concept associated with the absence of any tendency for further 
change on a macroscopic level. The tendency to change occurs due to the presence 
of driving forces (like temperature difference). Thus equilibrium implies the 
absence of driving forces. In a stale of equilibrium, the thermodynamic properties 
of a system have unique values. 


Example 1.31 

What criteria a system should satisfy for it to be in a stale of thermodynamic 
equilibrium.’ 

Solution : 

Eor a system to be in a state of thermodynamic equilibrium it should 
simultaneously satisfy the criteria for thermal equilibrium, mechanical equilibrium 
and chemical equilibrium. 

Example 1 J2 

Explain the criteria for (a) thermal equilibrium lb) mechanical equilibrium 
and (c) chemical equilibrium. 
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Solution : 

(a) If there is no further change in Ihc thermal condition (temperature) of a 
system when it is isolated, the system is said to be in a state of thermal 
equilibrium. In a state of thermal equilibrium, there is no temperature gradient 
within the system. Since a system in thermal equilibrium has uniform temperature, 
a unique value can be specified for the temperature of the system. If two systems 
are in thermal equilibrium with each other, ihc temperatures of both the systems 
are identical In other words, the criterion for thermal equilibrium is given by 

t a =t, 

where T a and T H denote the temperatures of the systems A and B, respectively. 

(b) If there is no imbalance of forces in a system when it is isolated it is said 
to be in a state of mechanical equilibrium. In a stale of mechanical equilibrium, 
the system has a uniform pressure and a unique value of pressure can be specified. 
If two systems are in a state of mechanical equilibrium with each other, the 
pressures of both systems are identical. That is. the criterion for mechanical 
equilibrium is given by 

where P A and P B denote the pressures of systems A and B. respectively. 

( c ) If the composition of a system does not undergo any change due to 
diffusion, mass transfer or chemical reaction and if there is no tendency for a 
change in its chemical composition when the system is isolated, it is said to be in 
a state of Chemical equilibrium. The difference in thechemical potential (which 
is defined in a later chapter) causes diffusion, mass transfer or chemical reaction. 
In a state of chemical equilibrium the chemical potential is uniform through out 
the system. Suppose two systems A and B each consisting of N components are 
in a slate of chemical equilibrium. Then the criterion of chemical equilibrium 
can be staled as 

p* = p®, for i= 1.2 JV 

where P* and pf denote the chemical potentials of component I in systems 
A and B. respectively. 


Example 1-33 

Suppose a rigid and insulated vessel is filled with a mixture of liquid water 
and water vapor at IOO°C and standard atmospheric pressure. Considering the 
contents of the vessel as a system, is it in a state of equilibrium ? Can we say that 
the molecules which were originally in liquid phase continue to exist in the 
same phase at all times ? 



Solution : 


The system satisfies the criteria of thermal, mechanical and chemical 
equilibrium. Hence, the system is in a state of thermodynamic equilibrium. At a 
macroscopic level the amounts of liquid and vapor phases remain constant and 
the system appears to be static. However, at a microscopic level the system is not 
at rest. Some liquid water evaporates and some water vapor condenses. That is 
the molecules move from liquid to vapor and vice-versa, but at such a rate that 
the rale of evaporation is exactly balanced by the rale of condensation. Hence 
the molecules which were originally present in the liquid phase do not continue 
to exist in the same phase at all times. 

Example 1-34 

An equimolar mixture of H, and O, is contained in a rigid vessel at I bar and 
25°C. No detectable change in its composition has been observed over a period 
of 30 days. Since there is no change in the composition of the mixture can we say 
that the mixture is in a state of chemical equilibrium ? If not. specify why ? 

Solution r 

The mixture of H, and 0, is not in a state of chemical equilibrium, though 
there is no detectable change in its composition over a long period of time. The 
rate of reaction between H, and O, to form water vapor at 25"C is very small and 
hence there is no change in the composition of the mixture. The mixture has a 
tendency to undergo a chemical reaction. If a small amount of energy (in the 
form of an electric spark or by introducing a lighted match stick) is added to the 
mixture to create a small disturbance, the mixture reacts violently to form water 
vapor. Hence the system is not in a state of chemical equilibrium. 


Example 1.35 

Classify the states of equilibrium with the help of a mechanical analogue 

Solution : 

Consider a sphere resting at the bottom of a spherical bowl as shown in 
Fig.E 1 .35 la). If the sphere is disturbed it will sente into the original state, however 
large the disturbance may be. This stale of equilibrium, in which the system 
(here the sphere) returns to its original state even if it is subjected to large 
disturbances is called stable cqulibrium. In thermodynamics we are mostly 
interested in stable equilibrium states. The sphere shown in Fig.E 1.35(b) returns 
to its original state if it is subjected to small disturbances but settles in a different 
equilibrium state if the disturbance exceeds a certain magnitude. Such a state of 
equilibrium is called mctaslable. The sphere shown in Fig.E 1 .35 (c) settles into 
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a different state when it is subjected to a small disturbance and this state is called 
unstable state of equilibrium. 



("I (M to 


Fig.E 1 .35. Stales of equilibrium (o) siablc fb) metastable <c) unstable. 


Example 136 

With careful cooling it is possible to cool water to a temperature (say 10°C) 
below its normal freezing point. The cold water produced in this manner is usually 
called super cooled water. Is the super cooled water in a state of equilibrium? 

Solution : 

Consider the super cooled water as a system and let us apply the criteria of 
equilibrium to judge whether it is in a state of equilibrium or not. The system has 
a uniform temperature and hence it satisfies the criterion of thermal equilibrium. 
The system also satisfies the criterion of mechanical equilibrium since the pressure 
is uniform through out the system. The system contains pure water with uniform 
temperature and pressure. Hence the chemical potential is uniform through out 
the system. Thus it satisfies the criterion of chemical equilibrium also. Since the 
system simultaneously satisfies the criterion of thermal, mechanical and chemical 
equilibrium, it is in a slate of thermodynamic equilibrium. If the system is subjected 
to a minor disturbance either by adding a small amount of dust or by shaking the 
container, the supercooled liquid immediately freezes into ice. Hence, the system 
is in a state of metastable equilibrium. 


Example I J7 

What is a process ? 

Solution : 

When a system changes from a specified initial equilibrium state to another 
equilibrium state, the path followed by the system in reaching the final equilibrium 
state from the given initial state is called the process. 


Example I J8 

Explain the meaning of Quasi-Static process. 
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Solution : 
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A process which lakes place very slowly and with infinitesimal driving force 
is called a quasi-static process. Suppose a gas at pressure P is enclosed in a 
piston cylinder assembly. If the piston is restrained by an external force such 
that the external pressure on the piston is IP - dP ) where tIP > 0, then the gas can 
expand slowly. Such an expansion occurs at a slow rate and the system appears 
to be almost static. Then the process followed by the gas is quasi-static. 


Kxamplc IJ9 

What is meant by a reversible process ? Explain it with the help of an example. 

Solution : 

A process which proceeds with no driving forces is a reversible process. As 
an example consider a gas which is enclosed in a frictionless piston cylinder 
assembly, as shown in Fig.EI.39. 

Suppose the piston is loaded with a certain mass of fine sand particles. If the 
sand particles are moved one after another on to adjacent platforms, the piston 
moves up slowly and the gas expands. 

During the expansion process, the system (here, the gas) does w'ork on the 
surroundings and the sand particles are raised to different elevations as shown in 
Fig.EI.39 (/>). If the sand particles one after another are restored on to the piston 
from the adjacent plaforms, the piston moves down slowly and the gas gets 
compressed. During the compression process the work done on the system is 
exactly equal to the work done by the system during the expansion process. Thus 
the process can be carried out in either direction. By reversing the direction of 
the process both the system and surroundings are restored to their respective 
initial states. Then the process undergone by the system is reversible. During a 
reversible process the system is always in a state of equilibrium with its 
surroundings. 



Fig.E 1 .39. Reversible Process. 
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Note A reversible process is a quasi- static process, but a quasi-static process need 
not be a reversible process. 


Example 1.40 

Slate the mechanics definition of work done by a force. Apply the mechanics 

2 

definition of work and show that the work done by a gas is given by J Pdv 

i 

Solution : 

In mechanics work done by a force is defined as the product of the force and 
the displacement in the direction of the applied force. That is the differential 
work done (</»') is given by 

dw = F.ds 

where F is the applied force and ds is the differential displacement. 
Consider a certain amount of gas contained in a cylinder piston assembly as 
shown in Fig.E 1 .40. At time r let P be the pressure of the gas inside the cylinder. 



Fig.E 1 .40. Sketch for diagram 1.40. 

(a) Schematic representation of work done by a gas. The system (enclosed by the doited 


line) constitutes the gas contained in the cylinder. 

(i>) Representation of work done an a P-V diagram. The shaded area represents the work 
2 

done J pjv by the gas. 

In a differential time dl. let the piston of cross-sectional area A move a differential 
distance dL while the motion of the piston is opposed by an external pressure (P 
- dP) where dP -» 0. Then, the differential work done by the gas is given by 
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dW - F.ds = (PA).dL = P ( AdL ) = Pdv 
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2 

or VV = J Pdv 

i 

It may be noted that the external pressure (P -dP) is always infinitesimally 
smaller than the gas pressure. Hence the expansion process can be reversed at 
any time by increasing the external pressure infinitesimally more than the gas 
pressure. That is. if the external pressure is (P + dP ). the gas undergoes a 
compression process. During the expansion/ compression of the gas the forces 
on the moving boundary are balanced and hence the process is reversible. The 
process can be represented on a P - V diagram as shown in Fig.E 1 .40. 


Example 1.41 

Suppose a piston cylinder assembly initially contains a gas at pressure P, 
and occupies a volume V, and it is allowed to expand reversibly rill it attains a 
pressure P ; . Is it possible to calculate the work done by the gas from a knowledge 
of its initial and final conditions ? Explain whether work done by a gas is a 
property of the gas or not. 

Solution : 

From the given data the initial (P,.V ,) and final (P 2 . V } ) states of the gas are 
known. The work done by a gas is given by 



Fig.E 1.41. Representation of two different reversible processes between the specified 
initial and final stales of the gas. The area under the curve I A2 represents the work 
done by the gas, if it follows the path A. The area under the curve IB2 represents the 
work done by the gas if it expands along the path B. 
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W-jPth 

t 

To integrate ihc above relation, one should know the relation between the 
pressure (P) and volume (V) of the gas during cxpansion/comprcssion process. 
That is the path followed by the gas must be known to evaluate the work done. 
Fig.F, 1 .4 1 shows two different reversible path I A2 and I B2 connecting the given 
initial and final states of the gas. Since j Pdv represents the area under the curve 
the work done during path I A2 is different from the work done during the path 
I B2. In other words, the work done depends on the path followed by a system. 
Hence, it is not possible to evaluate the work done purely from a knowledge of 
he initial and final stales of a system. The work done by a system is a path 
function and hence it is not a property of a system. Work is an interaction, that is 
energy transfer, between a system and its surroundings. Hence work is energy in 
transit. 


Example 1.42 

A piston-cylinder assembly contains one mole of an ideal gas at (Pj.v,,?*,). 
If the gas expands reversibly such that (a) the final volume is V 2 while the 
pressure is held constant (ft) the final pressure is P, while the temperature is held 
constant and <c) the final pressure is P, while Pv r = constant during expansion. 
Here y is the ratio of heat capacity at constant pressure to the heat capacity at 
constant volume. Determine the work done by the gas. 

Solution : 

(а) The work done by the gas is given by 

W = JPrfv 

I 

For constant pressure expansion, the above relation reduces to 
2 

VV'=P|«A =P, (vj-v,) 

I 

(б) We know that for an ideal gas Pv = RT. If the- temperature of the gas is 
held constant, we gel 

Then the work done by the gas is given by 
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W= jpdv = J — dv = RT, j— = «r,liA 

I I v I v Vl 

(<•) Tile palh followed by the gas during the expansion process is 
P\' r = constant or P^/ = P ; v, r = K = Pv< 
or P = Kv-r 

The work done by the gas is given by 


J** = L'v-Vv = 

■J ■[ l-T T-l 


-/■.»&-* = P,v,-P 2 v 2 _ R(T,-T 2 ) 
Y-l Y-l Y-l 
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Example 1-43 

It is desired to compress one mole of air (ideal gas w ith y = 1 .4) from I bar 
and 27“C to 10 bar and 27°C. For this purpose compare the work to be done for 
the following processes : 

(а) Isothermal compression. 

(б) constant volume heating followed by a constant pressure compression 
and 

(r) adiabatic compression (PV r = Constant) followed by constant volume 
cooling. 

Solution : 

(a) The isothermal compression process is shown as I A2 on the P-v diagram 
in Fig.E 1 .43 

The work done for the isothermal process 1 A2 is given by 

tV.., = \pdv = f RT— = RT In^- = RT In 

= 8.314 x 300 x In 4- 
10 


-5.7431 kJ 
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c 



Fig.E 1.43. The isothermal compression process is shown as IA2. 

The path I B2 shows the constant volume heating followed by constant pressure 
compression. The path IC2 shows adiabatic compression followed by a constant volume 
cooling. 


(h) The work done along the path 1 B2 is given by 

B 2 

w„ n = w lt+ w n =\pdv+jpdv 

I B 


= 0 + P 2 ( v 2 - v* ) = />,< v 2 - v, ) = P 2 v, I - -L 
v 2 



= 8.314 x 300^1 -y j = - 22.4478 kJ 

(since 7", = T, and Pv = RD 
The work done along (he path IC2 is given by 
C 2 

“'.CJ = "'ic + “'cj = J p ‘ h ' + J pdv 

I c 


= ^.-/ , c>c +0= fi'j ~fc v ? 

Y-l y - 1 
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P\\ l = P,vJ = P, V ] (since v c = V ,) 


(since 7, =fj) 

<1 *2 l- 2 "l 


• Y- 

1 

Y 

-1 

p t v t 

[„(*n 

RT\ 

r.-fafl 


UJ 


UJ 


Y-l 


Y-l 


8.3l4 x 300[l — 10°*] 
0.4 


- 9.4274 kJ 


Note The negative work done by the gas indicates that work is to be done on the gas by 

the surroundings. 


F.xample 1.44 

A pislon-cy Under assembly contains air (ideal gas with y = 1.4) at 200 kPa 
and occupies a volume of 0.01 m\ The piston is attached to one end of a spring 
and the other end of the spring is fixed to a wall. The force exerted by the spring 
on the piston is proportional to the decrease in the length of the spring from its 
natural length. The ambient atmospheric pressure is 1 00 kPa. Now. the air in Ihc 
cylinder is heated till the volume is doubled and at this instant it is found that Ihe 
pressure of the air in the cylinder is 500 kPa. Calculate the work done by ihc gas 
Solution : 

We know that the force exerted by the spring on the piston is given by 

Fs=xx= *<r^>> 

5 A 

K = spring constant 


Where 
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A = cross-sectional area of piston 
V 0 = Volume of air if the spring is at its natural length, 
that is the spring is neither compressed nor 
elongated. 

V= Volume of air if the spring is compressed by a 
distance X, 



Fig.E 1.44 (a) Sketch for Example 1.44. 

(6) P-v diagram in which shaded area represents the work done. 

Force acting on the piston due to ambient atmosphere is given by 
F, = P,A 

Force balance on the piston when the air volume is V is given by 


p =P., + -^(V-V 0 ) 

Force balance on the piston in the initial state gives 
Force balance on the piston in the final state gives 

V-V.xplj*) 


<A) 
<B) 
( Q 



BASIC CONCEPTS 


35 


The work done by ihc air is given by 

W=J F.dx = j PA.dX=IPdV 


" J{ / ’“ + " V °}‘ A ' = P - { * - 1,1 , + Vj - ‘'o* 2 -< v > - v o) J } 


= P.<v, - V,)+JL{(V 2 - V o)+ ( V, - V 0 )} {(Vj - V 0 )-(V, - V 0 )} 
= p a ( Vj - V, ) + ( P 2 + V, - 2 V 0 ) ( V 2 - V, ) 


= - ^T< - 2^0 )}< ^ - y . > 

From Eqns. (fl) and (O. we gel 


p 4- p V 

- L T L = P*+YZ<.V l + V y -2V a ) 


Subsliluling Eqn.(£) in Eqn. (D), we obtain 


IV = 


Ifl+A) 

2 


(Vy-V,) 


I D ) 


IE) 


, (200x.a%500xitf) x|0 02 0 0|) = 3SkJ 

The shaded area of Ihc trapezium ABCD in Fig.E 1 .44 (ft) represents the 
work done by air. It can be observed that the area of the trapezium ABCD is 
given by 


2 


(Vj-V'i) 


Example 1.45 

A balloon which is initially collapsed and flat is slowly filled with hydrogen 
at 100 kPa so as to form it into a sphere of radius I m. Determine the work done 
by the gas in the balloon during the filling process. 

Solution : 

During the filling process, the gas pressure remains constant at 100 kPa. 
Therefore, the work done during the constant pressure process is given by 
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W = I Pd V = />( V 2 - V , ) = P x | It ( is' - r ' ) = -^p- 

I00xl0 , x4)ixl' , 


(Since r, = 0 when ihe balloon is collapsed and Hal) 


Example 1.46 

One mole of a Van dcr Weals gas undergoes a reversible and isothermal 
expansion from the initial volume V, to the final volume V,, Determine the work 
done by the gas. 

Solution : 

The Van der Waals equation of state is given by 
The work done by the gas is given by 

w =l pA '=}(S-7)‘ ft ' = ' frin {^l- a (i-i) 


Example 1.47 

One mole of air (ideal gas with y = 1 .4) at pressure P { and temperature 7", is 
compressed at constant volume till its pressure is doubled. Then it is allowed to 
expand reversibly and isothermally to the original pressure and finally restored 
to the original temperature by cooling at constant pressure. Sketch the path 
followed by the gas. on a P-V diagram and calculate the net work done by the 
gas. 

Solution : 

Fig.E 1 .47 shows the path followed by the gas on P-v diagram. 

The net work done by the gas is given by W = IV, 2 + W ; , + IV, , 

2 i i 

= j Pdv+jpdv+jpdv 
l 2 3 


= 0 + RT 2 In — + P,(v, - v,) 
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2 



V 

Fig.E 1.47. Palh followed by Ihc gas on P-v diagram. 1-2 is a constant volume 
process. 2-3 is isothermal process and 3-1 is a constant pressure process. 


For an ideal gas 


PjV, 

h 


. For the path 1-2, 


> 2 . Hence. 


r, = 27j (Since P 2 = 2P, ) 

For the palh 1-3, pressure is constant. Hence P, = P,. Therefore 

Z± = 5a OT V( = RLv, = = 2v, 

T, T, Ty T, Py T, 

(Since 2-3 is a constant temperature process.) 

Then the net work done by the gas is given by 

W= RT ; In— + P,(v. -v,) = R2r, ln^-+fl(v, -2v.) 

v I v t 

= 2/f7jln 2- 2P,v, = 2RT, In 2 - 2 RT, = 2«T,(ln2 - 1) 


Example 1.48 

Is it possible to view the expansion of a gas in a piston-cylinder assembly 
as the one and the only one effect external to the system (the gas contained in the 
cylinder) as the raising of a mass against Ihc gravitational force? If so devise a 
means to view such an effect. 
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Solution i 
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Fig.E 1.48 To visualise the work done by the gas enclosed in a pislon cylinder 
assembly as equivalent to raising of a mass in a gravitational field. 

Yes. It is possible to modify the surroundings, such that the one and the only 
one effect (sole effect) external to the system is the raising of a mass against the 
gravitational force as shown in Fig.E 1 .48. 


Note One can generalize and state that all mechanical work done by a system is 
equivalent to raising of a mass, through a certain distance, in a gravitational 
field. 


Example 1.49 

Suppose the terminals of a storage battery are connected to an electrical resistor 
through a switch. When the switch is closed electrical current flows through the 
resistor, the resistor becomes warm and the charge of the storage battery decreases. 
Consider the storage battery as a system and apply the mechanics definition of 
work to identify whether work is done by the system or not. Is it possible to 
modify the surroundings such that the sole effect external to the system is 
equivalent to raising of a mass ? If so devise a method. 

Solution : 

In mechanics work done is defined as the product of the force and the 
displacement in the direction of applied force. When the terminals of a storage 
battery are connected to an electrical resistor, current flows through the resistor, 
thereby decreasing the charge of the banery. In the interaction between the battery 
and the resistor, no force has moved through any distance and hence the work 
done by the battery from the mechanics point of view, is zero. We know that an 
electric current is a manifestation of the flow of electrons which are driven by an 
electrical potential difference. The electrons are crossing the boundary of the 
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system (battery) and some work is done in moving the electrons. However, (he 
mechanics definition of work fails to identify the work done. 


Switch 



Fig.E. 1.49. Visualization of battery interaction as equivalent to raising of a mass. 


It is possible to modify the surroundings such that the sole effect external to 
the system is equivalent to raising of a mass as shown is Fig.E 1 .49. The resistor 
can be replaced by an electric motor which draws the same amount of current as 
the resistor. One can wind a string around the shaft of the motor and suspend a 
mass through this string. When the switch is closed the motor runs and winds 
the string which in turn raises the mass. 


Example 1.50 

State the thermodynamic definition of work. 

Solution : 

In thermodynamics work done by a system on its surroundings is defined as 
that interaction whose sole effect, external to the system, is equivalent to raising 
of a mass through a certain distance. 


Example 1.51 

Consider a certain amount of liquid contained in a vessel. A paddle wheel or 
stirrer is inserted in the liquid and the stirrer is rotated, for some lime, by lowering 
a mass as shown in Fig.E 1.51. While the mass is lowered work is done on the 
liquid. Is it possible to define the work done on the system as the interaction 
whose sole effect, external to the syslem. is equivalent to lowering of a mass ? 
Explain. 

Solution : 

It is not correct to stale the thermodynamic definition of work done on the 
system by its surroundings as the interaction, whose sole effect, external to the 
system is equivalent to lowering of a mass. The system (liquid) is initially at 
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some siaie. say ai temperature 7",. After performing work on the system, by rotating 
the stirrer, the system reaches a different state-say at temperature TV Now, leaving 
the system untouched, the surroundings can be modified as follows. The stirrer 
and the mechanical arrangement to rotate the stirrer can be removed and the 
vessel can be placed on a hot body to raise the temperature of the liquid from T t 
to T , as shown in Fig.E 1 .51 (b). The modifications have been made external to 
the system only and we find that the energy of the hot body (possibly its 
temperature also) is reduced, even though the system has undergone the same 
change as depicted in Fig.E 1 .51 (a). That is. lowering of a mass is not the sole 
effect external to the system. The state of the system can be changed by either of 
the methods shown in Fig.E. 1.51 (a) and ( b ). Hence in thermodynamics, the 
work done on the system by its surroundings is not defined in terms of lowering 
of a mass. 




( 0 ) 


Fig.E 1.51. (a) Work done on system by lowering a mass, 

Ibl Energy transfer as heal to the system from a hot plate. 

Example 1.52 

The work associated with the boundary movement (expansion / compression 
work) is given by j PdV. Is there a situation where 
W*jPdV 

Solution : 

The work done during a reversible process is given by 
W=\PdV 

If the process is irreversible, the work done is not equal to / PdV. Suppose a 
vessel is divided into two compartments I and 2. The compartment I of volume 
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V, contains a gas at pressure P, and the compaitment 2 is evacuated. If the 

partition separating the compartments is removed, the gas expands and occupies 
the entire volume of the vessel. Let P, and V 2 denote the final pressure and 
volume of the gas. The pressure and volume of the gas have changed. To calculate 
j PdV. a knowledge of initial and final values of pressure and volume are not 
enough. It is necessary to know the variation of pressure and volume during the 
expansion of the gas. To obtain some information regarding the intermediate 
values of pressure and volume, the expansion process can be carried out in steps 
as shown in Fig.E 1 .52. Suppose several movable partitions A. B. C. D. E are 
placed in compartment 2. 



Fig.E 1.52 

(u) Vessel divided into two compartments I and 2. 

Compartment I contains a gas at P,. V, while the compartment 2 is evacuated. The 
two compartments arc separated by a partition I . Movable partitions A. B. C. D. E arc 
placed in compartment 2. 

(i>) P-V diagram showing the intermediate values of pressure and volume when the 
partitions A. B. C. D. E are removed one after another. 

If the partition I is removed, the gas in compartment I expands and moves 
upto partition A. at which instant the gas pressure is P A and its volume is V,. If the 
partition A is removed, the gas expands and its state is given by P B and V r 
Similarly one can remove the partitions B. C. D and E and measure the pressure 
and volume of the gas after removing each partition. A plot of P versus V then 
will appear as shown in Fig.E 1 .52 ( b ). It is possible to evaluate the area under 
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the curve I ABCDF. 2 (Shaded area in Fig.E 1 .52(h)) to determine J/W. However. 

this value does not represent the work done by the gas. In reality, the gas has not 
done any w ork since no force his been moved. Such an expansion is called free 
expansion, that is an expansion which is not restrained by any force. During the 
expansion of a gas. the work done is equal to zero. In this case or in a situation 
which is not reversible, the work done W is not equal to jPdV. 


Kxample 1.53 

Is there is situation where dV = 0 and yet ilW * 0 ? 

Solution : 

Yes. It is possible to have a constant volume (dV = 0) process and yet the 
work done is not equal to zero. Suppose a piston cylinder assembly contains a 
certain amount of gas and the piston is held in position with the help of latches. 
Now it is possible to introduce a paddle wheel as shown in Fig.E 1 .53 (a) in the 
gas space and rotate it by performing work. It is also possible to introduce an 
electrical resistor in the gas space and pass electric current through it by connecting 
the resistor to a storage battery as shown in Fig.E 1 .53 (i>). In this case, the battery 
does work on the system (gas and resistor). Since the piston is held in position, 
there is no change in the volume of the gas (dV = 0) and yet dW -t 0. 



Fig.E 1.53. Illustralalion of process to show that dV = 0 and yet dW *0. 
(a) paddle wheel (or shaft) work done on system 
(h) Electrical work done on system. 
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Example 1-54 

One mode of work is associated with the movement of the boundary of the 
system and it is usually called expansion/compression work. Are there any olher 
modes of work interaction between a system and its surrounding ?. If so. specify 
some of them. 

Solution : 

There are several modes of work interaction between a system and its 
surroundings. Some of the common modes of work interaction are 

• Compression / expansion (boundary movement work) 

• Extension of a solid rod (elastic work) 

• Spring work 

• Stretching of a liquid film 

• Work transmitted through a shaft or shaft work 

• Electrical work 

• Polarization 

• Magnetization 

Example 1.55 

Derive a relation to estimate the work done if an clastic rod is subjected to 
tension. 

Solution : 

Consider an elastic rod of length L and cross-sectional area A. which is fixed 
at one end as shown in Fig.E 1 .55 as the system. 



Fig.E 1.55. Elongation of an elastic rod. 
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The elastic rod is fixed at X = 0 and a force F is applied at the other end. If a 
is the normal stress acting at the other end of the rod. then the force F acting on 
the rod is given by 

F= OA 

As a result of the applied force, if the rod is elongated by dx, the work done 
by the elastic rod is given by 

dW = - F.dx = - aAdx or ^- = -a^--adt 
dx 

where E = — = elongation per unit length = strain 

V = AL = Volume of the rod 

A negative sign is introduced in the above relation to lake into account that 
work is to be done on the rod if dx is positive. The work done per unit volume 
(H7V) of the rod is given by 



To integrate the above relation it is essential to have a knowledge of the 
relation between stress (o) and strain (£). If the elastic rod is isothermally elongated 
the stress and strain are related by the Youngs isothermal modulus (K T ) which is 
given by 



If the elongation of the rod occurs in the Hooke's law region 
Y r is a constant or a = Y r e. Then the work done is given by 

^ = -jorfE = -jr r EA = ^(£?-e|) 


or 


ef-ei) 


Example 156 

One end of a steel rod of I cm in diameter and 50 cm in length is fixed and a 
force is continuously applied at the other end in a direction which is parallel to 
the length of the rod. Calculate the work done by the force on the steel rod to 
change its length by I cm. Also calculate the stress and force applied on the rod. 
The Young's modulus of steel is 2 x 10" N/m J . 
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Solution : 

The work done by the steel rod is given by 

H' = ^V(£;- e 2) (A , 

.... . , . , . „ nd'-L it(0.01) 2 x0.5 

Initial volume of the steel rod = V = = 

4 4 

= 3.927 x 10-' nr' 

Youngs modulus of steel = Y T = 2 x 10" N/m ! 

Initial strain = e, = 0 

Final Strain = c, = — = — = 0.02 
Substituting these values in Eqn. (A), we get 

3 927x10“' 

IV = -2 x 10" x- x (0.02) ! = - 1 .5708 kJ 

Stress = <j = Y r E = 2x 10" x 0.02 = 4 x 10’N/m 2 
Force = F = oA = 4xl0 9 x 11(0 01 1 = 3.1416 x lO 5 N 


Example 1 .57 

One end of steel rod of I cm in diameter and I m in length is fixed to the 
ceiling of a roof and the other end is connected to a hook to which a mass of 
10000 kg is suspended. If the Young’s modulus of steel is2x 10" N/m 2 calculate 
the elongation of the rod and the work done on the steel rod. 

Solution : 

Force acting on ihe steel rod = F = mg = 10000 x 9.8 = 98 kN 


„ F 4F 4x98x10* , ? 

Stress - a = — = — - = ■ 1 .2478 x IO v N/m 2 

A nd- n(0.0l) 2 


Strain = t = = l 247 g . ^ loj> =6.2389x10“' 

Y r 2x10" 

Elongation = x = cL = 6.2389 x 1 0“' x I = 6.24 r 
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Work done on Ihe sleel rod = -W = — ^-(Ej — e? ) 


Volume of the rod = V = = ” (00l)i><1 = 7.854 x I0' 5 m’ 

4 4 

2x 10" x 7.854 x I0' 5 


Therefore -W = 


- x (6.2389 x 10' r = 305.7 1 J 


Example 1.58 

Derive a relation lo calculate Ihe work done by a spring when il is subjected 
io compression or extension. 

Solution : 

To change the length of a spring either by compression or extension, it is 
necessary to exert a force which causes a displacement X. The displacement X of 
a spring is given by (L - L^) where/, is the length or the spring under compression 
/ extension and l v is its natural length or the spring length when it is neither 
under compression nor extension. The force exerted by the spring or the restoring 
force is in a direction to restore the spring to its equilibrium position. The restoring 
force h\ is given by 

F S = -KX = -K(L-L 0 ) 

The negative sign indicates that the force is always opposite in direction 
from the displacement of its free end. 



Fig.E 1.58. A spring under compression / extension. 
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Fig£ 1 .58 shows a spring under compression and exteniion. The work done 
by the spring is given by 

W= = - J* KX.JX = y *<*! - X? ) 

*1 *! 2 


Example 1-59 

ll is required to apply a force of 500 N to the free end of a spring to stretch it 
by 5 cm from its relaxed length, (a) Calculate the spring constant and the work 
done on the spring, (fe) Now the spring is connected to a block and it is allowed to 
return slowly such that the final length of the spring is I cm more than its natural 
length. Calculate the work done by the spring. 

Solution : 

(а) Restoring force, 

F= — 500 N 

Displacement, X = 0.05 m 

—F 500 

Spring constant. K = = = 50 kN / m 

X 0.05 

= -62.5 J 

. . . . - KX ! SOxU^xfO.OS) 2 

Work done by the spring , W = — - — = 

Work done on the spring l-W) = 62.5 J 

(б) Work done by the spring, W=— AT (Xj — Xf) 

= y x 50 x I0'{(0.01) 2 -(0.05) : ) = 60 J 


Example 1.60 

Suppose a liquid film is held between a wire frame, one side of which can be 
moved with the help of a sliding wire as shown in Fig.E 1 .60. The interfacial 
tension or surface tension which is the force per unit length normal to a line on 
the surface is given by x. Obtain a relation to estimate the work done on the 
liquid film when the surface area of the film is stretched. 
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Solution : 

The force F applied on the liquid film by an external agent is given by, 
F=2Lx 

The factor 2 is included because two film surfaces act on the wire. If the 
sliding wire is to be displaced by a distance dX. the external agent must do work 
on the liquid film. 

Rigid wire frame 



Fig, E 1.60. Liquid film held between a rigid wire frame. 


Then the work done by the liquid film which is the negative of the work done 
by the external agent is given by 

tV = — J FdX = - j 2LxdX 

X, X, 

Associated with the displacement dX there is a change in the surface area of 
the liquid film. The change in the surface area (rM) of the liquid film is given by 
dA = 2LdX 

Then the work done by the liquid film can be rewritten as 

x. A. 

W = - fzLxdX = - j xdA = - x( A 2 - A, ) 

x, A, 

Example 1. 61 

An aqueous soap solution is maintained in the form of a thin film, on a wire 
frame as shown in Rg.E 1 .61 . If the surface tension of the liquid is 72.75 mN / m 
calculate the work ‘done when the movable wire is displaced by I cm in the 
direction indicated. 
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Solution : 

The work done. IV = -T (A,-A,) 

A : -A, = 2UX : -X,)= 2x0.02 (0.03- 0.02)= 4 X I0- 4 in 1 
Therefore IV = -72.75 x 1 0 -' x 4 x 1 O'* = -29. 1 x I O" 6 J 
The negative work indicates that work is done on the liquid film. 



FigE. 1.6!. Sketch for Example 1 .6 1 . 


Example 1.62 

Calculate the work to be done on I cm 1 of mercury (which is available as a 
spherical drop) to disperse it into fine droplets of 4 pm diameter. The surface 
tension of mercury is 4S7 mN / m. 

Solution : 

Applying the principle of conservation of mass, we get 

p V, = Np V. 

' 

where V, = volume of the initial drop 

Vj = volume of the final droplet = (4/3) n » 2 ' 


N = 


V, lx IQ-* 

v - ^itaxio-V 


3xl0 10 


Total surface area of the droplets. A 2 = N (4 it r ; : ) 

= 3 x I0"> x 4a (2 x I0-*) J = 1 .508 in 3 



so 
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6.235 xIO’ 3 m 3 


Inilial surface area of mercury, A , = 4 n r, : = 4tt x (6.235 x I O' 3 ) 2 
= 4.885x10-* nr 

Work done. W = - t(A 2 -A,)* - 487 x |(r 3 (l.308 - 4.885 X lO"*) 
= - 0.7342 J 


Work lo be done on mercury = 0.7342 J 


Example 1.63 

Power Transmission ihrough a routing shaft is a common engineering 
practice. Derive a relation to determine the power transmitted Ihrough a rotating 

shaft. 

Solution : 

Suppose a shaft of radius r is fixed at one end and a force F l is tangentially 
applied at the other end as shown in Fig.E 1 .63. 



Fig.E 1.63. Torsion of a shaft. 

The torque applied to the shaft = r= Ff 

The application of the torque results in angular displacement dQ of the point 
at which the torque is applied. 

The linear displacement, ds = nl 6 

Work done. ,IW = F.ds = F r rd 6 = T d0 
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w= Jx^/e 

_ . , „ dW dO 

Power transmitted. P = — — = T — = TU) 

dl dl 

where 0) is Ihc angular vclociiy (in radians) of the shaft. 

Example 1.64 

Mixing and stirring of fluids is usually done with the help of a paddle wheel 
or stirrer. A paddle wheel consists of a shaft to which paddles or blades are aitached. 
When a torque is applied to the shaft, the (luid forces on the paddles balance the 
applied torque and the shaft rotates at constant speed. Determine the power 
transmitted through a shaft to a liquid if the applied torque is 2 Nm and the shaft 
rotates at a rate of 600 revolutions per minute. 

Solution : 

The power transmitted through the shaft. P= r u) 

Angular velocity, to = 2nn 

where n = number of revolutions per second. 

Therefor. P = T to = T 2 it n = 2 x 2it x 600/60 = 125.66 W 

Example 1.65 

It is required to raise a body of mass 1 00 kg to a height of 60 m in the earth's 
gravitational field, where the acceleration due to gravity is 9.81 m/s 2 . Calculate 
the work to be done on the body. 

Solution : 

In the earth's gravitational field, the force acting on a body of mass in is 
given by F = mg. To raise the body, the external agent must apply a force F in a 
direction which is opposite to the direction of acceleration due to gravity. Then 
the work done by the external agent is given by 

W = / F.ds = j^mgd: 

= mg:= 100 x 9.81 x 60 = 58.86 kj 


Example 1.66 

The acceleration due to gravity as a function of elevation above the sea level 
is given by g = 9.81 - 3.32 x I0 -6 z where g is in m/s 2 and z is in meters. A 
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satellite with a mass of 300 kg is put in an orbit at an elevation of 400 km above 
the earths surface. Calculate the work done on (he satellite. 

Solution : 

Work done on the satellite. W = j mud: = J 300 (9.81-3.32 x 10"* z) d: 


= | (2943- 9.96 x KT 1 ;) ./; = 2943: - 9.96 x IO-*r/2 

o 


2943x 400 x 10'- 


9,96 x 1 0~* 

2 


X (400 x I0*) 2 = 1 .0976 GJ 


Example 1.A7 

Derive a relation to estimate the work to be done on a body of mass m in 
accelerating it from an initial velocity V, to a final velocity V,. 

Solution : 

When a body of mass m is acted upon by a force F, its acceleration a is 
related to the force F by the Newton’s second law of motion. The Force F acting 
on the body is given by 

F=ma = md\/dt 

Then the work done on the body is given by 

u- 

IV= j F.ds = f m ld\ / dt) ds = S m Ids /dl)d\= J m VdV = m 


Example 1.68 

120 kJ work was done on a car in accelerating is from an initial speed of 10 
km/h to 100 km/li. (n) Determine the mass of the car. ( h I What could be the final 
speed of the car if the work done on the car is 200 kJ 7 
Solution : 


(a) Initial velocity of the car. V, = 


IOxIO' 

3600 


= 2.778 m/s 


Final velocity of the car. V 3 = 


100x10’ 


= 27.778 m/s 


3600 
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Work done. W= | m<Vf - Vf ) 

or 120 x 10’= i m ((27.778I 2 -(2.778) 2 ) = 38 1.95 m 

or m = 314.18 kg 

(b) Work done. W = ^m(Vf -V, 2 ) 

or 200 x 10’= (V, 2 -(2. 778 ) 2 1 

or V, = 35.79 m/s = 1 28.8 km/h 

Example 1.69 

Suppose ihe terminals of a siorage battery are connected to an electrical resistor 
through a switch as shown in Fig.E 1 .69. When the switch is closed, the battery 
discharges doing work. Derive an expression to calculate the work done by the 
battery. 


-n— -n- 


-WVW — | 


Storage 

Battery 


‘ System 


Fig.E 1 .69, Discharging of a storage of battery through a resistance. 

Solution : 

Consider the storage battery as the system. The electric current flowing 
through Ihe resistor is a manifestation of the flow of electrons. Work is required 
to displace the electric charge across the boundary of Ihe system. We may recall 
that the electrical potential at a point is defined as the work done on a unit charge 
in moving it. which is at infinite distance, to that point. The electric current is 
defined as the rale of change of charge. That is electric current i is given by 
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i = or dQ = idl 
di 

Where Q r = electric charge 

If the differential charge dQ r is transferred during a differential time ill with 
a potential difference V then the work done is given by 

dW = -VdQ, or W = - J VdQ r = - / Vidl 
If the charge leaves the system dQ r is negative and the battery does work on 
the surroundings. On the other hand if dQ f is positive, that is during the charging 
of a battery, work has to be done on the system. To take this into account a 
negative sign is introduced in the above expression. 

Example 1.70 

An electric potential difference of 230V is maintained across a 47012 resistor 
for a period of 10 minutes. Determine the electrical work done and the power. 
Solution : 

V 230 

Current » = - =—= 0.4894 A 

(where R is electrical resistance) 

Work done. W= WAt = 230 x 0.4894 x 600 = 67.537 kJ 
(Wore that dQ r is negative is this case) 

Power = — = V/ = 230x 0.4894 = 1 12.56 W 

A r 


Example 1.71 

A 12 V storage battery is charged by supplying a current of 2A for 3 hours. 
Determine the work done on the battery and the quantity of electric charge 
transferred. 

Solution : 

Work done. W = - WAr = - 1 2 x 2 X 3 x 3600 = -259.7 kJ 
Work done on storage battery = 259.2 kJ 

Electric charge transferred to battery. Q r = i Ar = 2 x 3 x 3600 = 21600 
coulombs 

Example 1.72 

Potential energy can be stored in a spring by stretching it. Similarly one can 
store energy as potential energy in an electric field and the device used for this 
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purpose is called a capacitor In the present electronic age the capacitors play a 
vital role. Develop an expression to calculate the work done in charging a capacitor. 
Solution : 

A parallel plate capacitor shown in Fig.E 1.72 consists of two parallel 
conducting plates of area A separated by a distance if. When the capacitor is 
charged, its plates have equal but opposite charges +Q t and - Q r . Usually, the 
charge of a capacitor is represented by Q r . Since the plates are conductors, they 
arc equipotential surfaccs-that is all points on a plate are at the same electric 
potential. The potential difference V between the plates is given by 

V=Ed IA) 

where E is the electric field. 

The charge Q r and the potential difference V for a capacitor arc proportional 
to each other. That is 

Q, = CV IB) 

where C is the capacitance of the capacitor. 

From electrostatics we know that 

G, = E„£A 1C) 

Where E„ is the permittivity constant and is given by 
Eq = 8.85 X 10-' 2 c’/N m : = 8.85 X I0* IJ Faraday/m 
From Eqns. (A) to (C) ; we get 



Fig.E 1.72. Charging a capacitor. 



ENGINEERING THERMODYNAMICS THROUGH EXAMPLES 


To charge a capacitor work must he done by an external agent. Starting with 
an uncharged capacitor, elections arc to be removed from one plate and transferred 
to the other plate. The electric field which builds up in the space between the 
plates is in a direction to oppose further transfer. Therefore, as charge accumulates 
on the capacitor larger amount of work has to he done for further transfer of 
electrons. The differential work dW done in transferring a differential charge dQ f 
through a potential difference V is given by 

d W=-VdQ,=-&dQ t 


W = 


~\QdlQ, 


2 C 2 


'Since work is done on the capacitor in charging it.) 


Example 1.73 

A parallel plate capacitor is charged to 230 V. Given that the capacitance of 
the capacitor is 10 pF. calculate the work done in charging the capacitor. 

Solution : 

Work done in charging a capacitor is given by 

w=jwa=±j 0/ /a=£=^ 

The charge transferred Q t in given by 

Q, = CV=!0 x Iff* x 230 = 23 x l(T*C 

w= ^ = 230x^x 1 0l = 02M5J 

(•'sample 1.74 

Suppose a thin toroidal ring of material is covered with winding as shown in 
Fig.E 1.74 Let A be the cross-sectional area of the substance, /. the mean 
circumference. N the number of windings and r the current passing through the 
binding. Develop a relation to estimate the work done in magnetising the material. 
Solution : 

From Faraday's law of electromagnetic induction the induced electromotive 
force E in the winding (or back emf) is given by 
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Fig.E 1.74. Magnetic work done »>n a toroidal ring. 


where B is the magnetic field. During the differential time Jr if the differential 
quantity of charge dQ e is transferred in the circuit, then the work done is given by 

dW = EdQ' =-NA —</£, = jrffl = -NAidB ( A ) 

In a toroidal winding the magnetic field intensity (//) is given by 


.Substituting F.c|n. IB) in Eqn. (A), we get 

dW = -ALHdB = -VHdB I C ) 

where V = AL = volume of the material 

The action of a magnetic field on the substance is to produce magnetization 
(or magnetic moment) M. The total effect of the current in the winding is to 
establish the magnetic field and magnetization of matter within the field. The 
effect is called the magnetic induction H and is given by 

B = p„ (H + M) ID) 

where M is the magnetization per unit volume and |i„ is the permeability of 
free space. 

From Eqns. (O and ID), we get 

d\V = - Mo V7 IdH - p 0 Vimt IE) 


The first term on the RHS of Eqn.(£f) represents the work done in increasing 
the magnetic field in the volume V' of the empty space and the second term 
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represents the work done in increasing the magnetization of the material by the 
amount Ml. Therefore, the work done in magnetization (of a material) is given 
by 

dW = -\i a VHdM or = - \iJldM IF) 

The negative sign indicates that work is done on the system (material to be 
magnetized). 

Example 1.75 

Curie's law for paramagnetic substances is given by Af = CHIT where C is 
Curies constant. Calculate the work done per unit volume of a paramagetic 
substance in changing the magnetization from Af , to Af 2 . 

Solution : 

The work done for magnetization is given by 
dW = HgVHdM 
dW 

or -jr-MMV 

VP M; M. 

w 7 “"Mo j HdM = p 0 j' Z^-dM = -M.( Af; - Aff) 

M, M, C 

\i 0 T , s 

Therefore, work to be done on the substance = ( Af; - Aff ) 


Example 1.76 

In mechanics work done IdW) is given by the relation dW = F.ds where F is 
the force which is an intensive parameter and ds is the displacement, which is an 
extensive parameter. Is it passible to generalize the above relation so that it is 
applicable to all modes of work interactions? If so.givc a summary of the relevant 
forces and displacements. 

Solution : 

rhe work done for boundary movement (compression /expansion) is given 
by dW= PdV. where P is an intensive parameter and d Vis an extensive parameter. 
The clastic work done is given by dW IV — —a dt where the stress o is an 
intensive parameter and the stain (e) is an extensive parameter. Similarly for all 
modes of work the work done by a system can be generalized as 
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dW=F l .dX l 

where l\ = generalized force, which is an intensive parameter r/X, = 
generalized displacement, which is an extensive parameter . The extensive and 
intensive parameters associated with several inodes of work interactions are 
summarized below. 


Generalized Work Interactions 


Work mode 

(•ntrralizrd force 
(intensive) 

(vrnmlizrd 
displacement 
( Extensive l 

Equation for work 
(dW m ) 

Boundurv motion Prcvsurc iPt 

( Compr»MoitfE*pjmn»n > 

Volume iilV) 

PdV 

Elastic 

(Extension of solid) 

Stress (o) 

Strain ulc) 

-alt 

Spring 

Forte t Ft 

Displacement it IX) 

FdX 

Surface 
(Liquid film) 

Surface tension x 

Surface area itU) 

-0 IA 

Shaft work 
(Torsion) 

Torque lit 

.Angular displacement r r/U 

u/8» 

Electrical 
(Reversible cell) 

VWtagc(V) 

Charge («/(>,) 

- v<KJ r 

Capacitor 

(Electric polarization) 

Potential difference i 

[V) Chaigc(i/(),» 

-VdQ t 

Magnetization 
(Magnetic polarization) 

Magnetic field (f/t 

MagnetiraiionizM/ » 

-p 0 um 


Example 1.77 

Name the different modes by which the energy of a system can be changed. 

Solution : 

Consider a gas enclosed in a piston -cylinder assembly as our system. The 
energy of the gas can be increased/decreased by comprcssing/cxpanding the gas 
under adiabatic conditions. That is. the energy of the system can be altered through 
work interaction. The energy of the gas can also be altered by cooling or heating. 
That is the energy of a system can be altered through heat interaction also. Suppose 
an clastic rod is considered as our system. The system’s energy can be changed 
through elastic work as well as through heat interaction. If we consider an clastic 
and magnetic substance as our system, its energy can be altered by two different 
types of work interactions- clastic work and magnctizalion work in addition to 
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heal interaction. Now we can generalize to state that the energy of a system can 
be alien'd by two modes. They are ( I ) work interaction and (2) heat interaction. 

Example 1.78 

Suppose a rigid vessel containing a gas is placed in thennal contact with a 
hot body The temperature of the gas and hence the energy of the gas increases. 
Considering the gas as our system, identifty the interaction between the system 
and the surroundings from (a) macroscopic and (b) microscopic points of view. 

Soluliim : 

(«) Since the vessel is rigid, its volume docs not undergo any change. Hence 
the boundary motion (compression/expansion) work is not associated with the 
system. At a macroscopic level, no work interaction is responsible for the change 
in the energy of the system. Since there are only two modes, work and heat, by 
which the system can change its energy, the above interaction can be called heat 
interaction. 

(b) Ata microscope level, the atoms or molecules of the container wall vibrate 
vigorously since the container wall heats up when it is placed in thennal contact 
with a hot body. The gas consists of a large number of atoms/molcculcs which 
move with random velocities and the average velocity is proportional to iff . 
Some of the gas atoms/molecules come into collision with the atoms of the 
container and during the collision energy transfers from the atoms of the container 
to the gas atoms/molecules. Because of intermolecular collision the energy' is 
transferred to the other atoms/molecules of the gas also, resulting in an increase 
in the energy of the system. During a collision, the kinetic energy of one atom/ 
molecule is transferred to another atom/molecule. That is one atom/molecule 
does work on another atom/molecule. Therefore, at a microscope level, the energy 
transfer occurs through work interaction only. However, at a macroscopic level, 
we fail to observe any work interaction. 


Kxumplc 1.79 

Explain the meaning of 'Heat interaction' or 'Heat' 

Solution : 

The mode of energy transfer which cannot be accounted as work from a 
macroscopic point of view is called heat interaction or simply heat. The heat 
interaction occurs by virtue of temperature difference across the boundary. The 
heal interaction depends on the path followed by a system and hence it is a path 
function and not a point function. Heat is energy in transit. I 1 is not a property of 
the system and its differential is not exact. 



Example 1.80 

The two modes of energy transfer are work and heat Does the mode of energy 
transfer depend on the choice of a system? Suppon your answer with the help of 
an example. 

Solution : 

The mode of energy transfer depends on the choice of a system. Consider a 
vessel containing some water, the temperature of which is raised by switching on 
an immersion heater (placed in water) connected to a storage battery. Suppose 
we consider the water alone as our system and the rest of the universe as 
surroundings, then the interaction between the system and its surroundings is 
called heat, because the energy transfer occurs by virtue of temperature difference 
between the immersion healer (or heating coil) and water. On the other hand, if 
we choose the water and the immersion heater as our system, the interaction 
between the system and its surroundings is called work, because the energy transfer 
is due to the discharging of the storage battery which can be visualised as the 
raising of a mass. Therefore, the work and heat interactions depend on the choice 
of a system. 

Example 1.81 

Consider the water contained in a container as our system. Suppose the water 
is initially at temperature T { and it is allowed to interact with its surroundings. As 
a result of energy transfer suppose the water reaches a temperature 7,, where 7, 
> T v Is it possible to identify the interaction as work or heat by which the system 
has changed its energy ? 

Solution : 

It is not possible to name the interaction as work or heat from a knowledge of 
the initial and final conditions of the system. The mode of energy transfer (heat 
or work) can be identified only while the system is interacting with its 
surroundings. It is possible that the container is placed on a hot body for some 
time to raise the temperature of the water. In such a case, the interaction is called 
heat. It is also possible that a paddle wheel is placed inside the water and it is 
rotated for sometime to raise the temperature of water. In such a case, the 
interaction is called work (paddle wheel work or shaft work). 

Example 1.82 

Which of the following characteristics are true for work ? 

(n) It is a path function. 

(fc) It is not a property of a system. 

(c) Its differential is not exact 
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(</) II is no! stored in a system 

(?) Il is energy in transit. i 

(f) It can be identified only during the course of interaction. 

Solulinn : 

All these characteristics are true for work. 

Example 1.83 

Which of the characteristics given in Example 1 .82 are true for heat ? 
Solution : 

All the characteristics are true for heal. 



Zeroth Law of Thermodynamics 


Example 2.1 

How do we characlcrize a thermodynamic system? 

Solution : 

A thermodynamic system is characterized without any ambiguity by 
specifying certain properties. Athermodynamic system contains a definite quantity 
of matter and matter possesses energy in its various forms. Therefore, a 
thermodynamic system is completely described by specifying some of the 
following quantities. 

• The quantity as Well as the composition of matter in terms of mole numbers 
of each constituent. 

• The measurable properties like volume, pressure and temperature of system. 

• The energy of the system 

Example 2.2 

Consider one mole of an ideal gas enclosed in a piston-cylinder assembly as 
a system.The system can be characterized by specifying temperature (7), pressure 
IP). Volume (v) etc. Are the properties T. P and V arc independent of each other? 

Solution : 

All the three properties P. T and v are not independent. There exists a 
relationship of the form ftP. v. T) = 0 among the three properties. For an ideal 
gas. the relationship is given by Pv - RT where v is the molar volume and R is the 
universal gas constant. Only two of the three properties P. v and T can be 
independently varied. 
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Example 2.3 

Consider a compressible substance, say an ideal gas, enclosed in a piston- 
cylinder assembly as the system. Is it possible to indcpendcnily vary (he energy 
and volume of the system ? 

Solution : 

For a compressible substance, energy and volume can be independently varied. 
The energy of a system can be varied by heat and work interactions. Suppose the 
piston is held in position and the cylinder can be brought into thermal contact 
with a hot body, transferring energy as heal to the system. Thus the volume of the 
system can be held constant w hile its energy can be changed. It is also possible 
to change the volume of the system by compression /expansion while the system 
is held at constant temperature by immersing it in a constant temperature bath. 
For an ideal gas. the energy depends on temperature only. Hence, the energy of 
the system is held constant while the volume changes. Therefore, the energy and 
volume of a compressible substance can be independently varied. 

Example 2.4 

Is it possible to vary the pressure while energy and volume of a compressible 
substance arc held constant? 

Solution : 

It is not possible to vary pressure W'hilc the energy and volume of a 
compressible substance are held constant. We know that the pressure of a gas can 
be changed by (a) comprcssion/expansion lb) heating / cooling and (r| vigorous 
stirring. If the gas is compressed / expanded, the volume undergoes a change 
even though the energy can be held at a constant value by immersing the system 
in a constant temperature bath. If the gas is heated / cooled in a rigid container, 
the energy of the system changes even though the volume is held constant. If the 
gas enclosed in a rigid vessel is vigorously stirred its energy increases, even 
though the volume is held constant. Thus we Find that it is not possible to change 
tire pressure of a gas while us energy and volume are held constant. 

Example 2.5 

What docs the stale postulate specify and explain its meaning. 

Solution : 

The State postulate states that for a given thermodynamic system, the number 
of independently variable thermodynamic properties is equal to the number of 
reversible work tirades, associated with the system, plus one. 

The energy of a system can be altered by work and heat interactions. A 
thermodynamic system may exchange its energy by more than one work 



ZEROTH LAW OF THERMODYNAMICS 


interaction. A compressible substance has only one work interaction which is 
due to boundary movement (compression/expansion). An elastic rod can exchange 
its energy through one work interaction which is the elastic work. However, an 
clastic and magnetic substance can exchange its energy through two work 
interactions - namely clastic work and magnetic work. In addition to work 
interactions, a thermodynamic system can exchange its energy through heat 
interaction also. Therefore, the number of ways in which the energy of a 
thermodynamic system, can be changed is equal to the number of work modes 
associated with the system plus one. One thermodynamic property is associated 
with every work mode. The property v is associated with compression / expansion 
work mode, the property strain (c) is associated with elastic work mode and the 
property magnetization (Af) is associated with the magnetization work mode. 
Hence the number of thermodynamic properties which can be independently 
varied is equal to the number of work modes plus one. If a given thermodynamic 
system is capable of exchanging its energy through n work modes, then the number 
of independently variable thermodynamic properties of the system is equal to (n 
r I). 

Example 2.6 

How many thermodynamic properties of a system are required to describe 
its state ? 

Solution : 

If a thermodynamic system has n independent variable thermodynamic 
properties, the state of such a system is completely described, without any 
ambiguity, by specifying « independent thermodynamic properties. If the 
independently variable thermodynamic properties of a system are held constant, 
no other property of that system can be varied independently. 

Example 2.7 

Is there any limitation on the nature (say extensive or intensive) of the 
properties to be used in describing the stale of a thermodynamic system ? 

Solution : 

There is no restriction on the nature of the thermodynamic properties that 
can be used to describe the state of a thermodynamic system. One can use only 
extensive properties or only intensive properties or a combination of extensive 
and intensive properties as long as they are independent of each other. 

Example 2.8 

How many thermodynamic properties are to be specified for complete 
description of a thermodynamic system consisting of (a) an incompressible 
substance (6) an elastic substance and (c) an elastic and magnetic substance? 
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Solution : 

(a) Two lb) Two (c) Three 
Example 2.9 

For a .simple compressible substance which of the following sets of 
thermodynamic properties can be used to describe the slate of the system ? 

(a) Energy <u) and volume (v) 

(b) Energy (h) and Temperature IT) 

(c) Energy (u) and density (p) 

Id) Pressure IP) and volume (v) 

(e) Volume (v) and density (p) 

(f) Pressure IP) and temperature IT) 

(g) Temperature (T) and volume (v) 

Solution : 

The state of a simple compressible substance can be described by any of the 
following sets of properties. 

<«.»): (u.p): IP.v): IP.D.IT.v) 

If one does not insist that the energy of a system should remain constant, 
then one can specify the pressure instead of energy lu) as one of the independent 
properties to specify the state of a thermodynamic system . 

Example 2.10 

Why is it not possible to use energy («) and temperature IT) or volume (v) 
and density (p) as a set of thermodynamic properties to specify the state of a 
simple compressible substance ? 

Solution : 

Energy (u) and temperature (T) are not independently variable properties of 
a thermodynamic system because there exists a relation between these two 
properties. 

Similarly volume (v) and density (p) are not independent of each other. Hence 
one cannot use the sets (n. '/'l and (v, p) to specify the state of a simple compressible 
substance. 
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Example 2.11 

You may recall (from physical chemistry' course) that the Gibbs phase rule 
can be used to determine the number to degrees of freedom (or the number of 
properties needed for complete description! of a system. Apply the Gibbs phase 
rule and determine the degrees of freedom of a simple compressible substance 
(like nitrogen gas) existing in gas phase. 

Solution : 

According to the Gibbs phase rule, Ihc number of degree of freedom (F) of a 
system is given by 

F= C + 2-P 

where C = number of independent components 

P - number of phases 

For a simple compressible substance (like nitrogen gas) existing in gas phase. 
C = land P= I. Hence 

F=C+2-F=l+2-l=2 

Therefore, there are two degrees of freedom. In other words, two thermo- 
dynamic properties can be independently varied. 

Example 2.12 

Is the state postulate equivalent to Gibbs phase rule? What is the difference 
between these two? 

Solution : 

The state postulate and the Gibbs phase rule arc independent. The state 
postulate gives the number of thermodynamic properties needed for a complete 
description of the stale of a system. These properties can be extensive, intensive 
or a combination of extensive and intensive. The Gibbs phase rule gives the 
degrees of freedom (or the number of independent thermodynamic properties) 
of a system. These properties are intensive properties only. They cannot be 
extensive properties. 

Example 2.13 

State the zeroth law of thermodynamics. 

Solution . 

The zeroth law of thermodynamics states that if each of the two given systems 
arc in thermal equilibrium w ith a third system then the two given systems are in 
thermal equilibrium with each other. 
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Example 2.14 

There are four laws of thermodynamics namely zeroth, first, second and third 
law of thermodynamics Usually one counts starting with I .Why the counting of 
the laws of thermodynamic started with zero ? 

Solution : 

The first law of thermodynamics was proposed by J.P Joule in 1 85 1 which is 
followed by the second and third laws of thermodynamics. During the development 
of the laws of thermodynamics the content or the principle involved in the zeroth 
law of thermodynamics was assumed to be true without ever stating it so. However, 
for a logical development of the science it is necessary to state the zeroth law 
before presenting the other laws of thermodynamics. This was realized by R.H. 
Fowler in 1931. Since the other laws were formulated before 1931. counting 
them as first, second and third, it was necessary to call the postulate or law 
proposed by Fowler as the zeroth law of thermodynamics. 


Example 2.15 

Explain how it is possible to compare the thermal slate (degree of hotness) of 
several bodies by making use of the zeroth law of thermodynamics. 

Solution : 

A particular body called a thermometer can be brought into thermal contact 
with another body, say body A and allow these two bodies to reach a state of 
thermal equilibrium. In that state, some measurable characteristic of the 
thermometer - called thermometric property can be recorded. Then the 
thermometer in turn can be placed in thermal contact with a second body, say 
body B. till thermal equilibrium is established between them. Once they reach a 
state of thermal equilibrium one can measure the thermomctric property again. If 
the two thermomctric property readings — one measured while in contact with 
body Aand the other measured while in contact with Body B - are identical, then 
the two bodies AandB arc in thermal equilibrium with each other. Knowing the 
thermal slate of one of the bodies A or B. the thermal state of the other body can 
be determined. 


Example 2.16 

Name a few measurements or quantities which can be used as thermomctric 
properties. 

Solution : 

The following measurements or quantities can be conveniently used as 
thcrmometric properties in order to quantify the temperature. 
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• Length of mercury column in a capillary lube. 

• Electrical resistance of a wire 

• Pressure of a fixed quantity of gas confined in a constant volume bull). 

• Volume of a fixed quantity of gas held at constant pressure. 

• emf generated at a junction of two dissimilar metal wires. 

Example 2.17 

Explain the two fixed points on which the Celsius temperature scale (earlier 
it was called centigrade scale) is based. 

Solution : 

The Celsius scale is based on two easily reproducible fixed points. They arc 
the ice point and the steam point. The ice point is the equilibrium temperature of 
the ice with water at standard atmospheric pressure and it is assigned a value of 

c-c. 

The steam point is the equilibrium temperature of pure water with its own 
vapour at standard atmospheric pressure and it is assigned a value of lOO’C. 

Example 2.18 

At the tenth conference Generale des poids et Measures (General conference 
of w eights and measures CGPM) held in 1954. the Celsius scale in redefined in 
terms of a single fixed point. What is that single fixed point? 

Solution : 

In 1954. the CGPM redefined the Celsius scale in terms of a single fixed 
point. The single fixed point is the triple point of water (the state in which all the 
three slates-solid. liquid and vapor of water coexist in equilibrium) which is 
assigned a value of 0.0 1 "C. 

Example 2.19 

Consider a mercury in glass and alcohol in glass thermometers. Doth the 
thermometers are calibrated using the two standard fixed points - ice point and 
steam point. Suppose one measures the temperature of a body, which is 
approximately at 50°C. using these two thermometers will (he readings be 
identical? Explain the reason for the discrepancy. 

Solution : 

Though both the thermometers are calibrated using the same two fixed points, 
the values of temperature as read by both these thermometers may not be identical 
at any other temperature. Assuming that the variation of 'ie length of the liquid 
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column is linear with temperature the scales are marked on both the thermometers. 
It is not necessary that the variation of the volume (or the length of the liquid 
column) of both liquids to be linear. 


Example 2.20 

What is the motivation is devising an ideal gas temperature scale ? 

Solution : 

It is known that all materials do not change their thcrmomctric properties 
linearly with temperature. Therefore, different thermometers, made of different 
thermometric materials, show different values of the temperature of a body except 
at the points at which they are calibrated. Hence to have reliable and reproducible 
values of temperatures it is necessary to devise a temperature scale which docs 
not depend on the nature of the thermometric material. This was the basis for the 
establishment of an ideal gas temperature scale. 


Example 2.21 

What is an ideal gas ? 

Solution : 

An ideal gas obeys the relation Pv - RT. where v is the molar volume and R 
is the universal gas constant. The value of R is 8.314 J/mol K This equation is 
only an approximation to the actual behavior of gases. All gases behave like 
ideal gas at sufficiently low pressure (in the limit P — > 0). The internal energy of 
an ideal gas is a function of temperature only. 


Example 2.22 

Describe a constant volume gas thermometer and explain how it can be used 
to measure the temperature of a body. 

Solution : 

A schematic diagram of a constant volume thermometer is shown in 
Fig.E 2.22 (a). It consists of a constant volume gas bulb which is connected to a 
mercury column through a mercury reservoir and flexible tube. 

Helium or some other gas is filled in the gas bulb and the limb AB. which 
has the mercury column is raised or lowered such that the mercury in the 
reservoir stands at the reference mark R. Then the volume of the gas held in the 
bulb corresponds to the volume of gas bulb and the volume of the connecting 
limb up to the reference mark R. The gas oulb is immersed in the fluid, the 
temperature of which is to be measured, such that the entire gas bulb is in thermal 
contact with the fluid. Once thermal equilibrium is established between the fluid 
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and the gas. the limb AB (mercury column) is raised or lowered such that (he 
mercury in ihe reservoir siands ai ihe reference mark fi. Thus Ihe gas is held al 
constant volume. Then Ihe pressure (P) of Ihe gas is measured from the height of 
the mercury column, above the reference mark R in the limb AB. A similar 
measurement is made by immersing the gas bulb in a bath which is maintained 
at the triple point of water. 

Rotoronco mask 



Let P ((1 denote the pressure of the gas when the gas bulb is in thermal 
equilibrium with the bath at the triple point temperature T^. 

For an ideal gas at constant volume R T. Therefore. 


7 ^ 

T r 


(A) 


From a knowledge of 7^. one can estimate the temperature of the fluid from 
the above relation. The triple point temperature of water has been assigned a 
value of 273. 16 K. 

Therefore. Eqn (A) can be rewritten as 


P 

T = 273.16 ~p~ (fi) 

W 

Suppose a series of such measurements arc made with different quantities 
and different types of gases in the constant volume gas bulb. Then the measured 
pressure (P) at the system temperature (7) as well as the pressures (P^) at the 
triple point temperature change depending on the quantity of gas in the gas bulb. 
A plot of T calculated from Eqn. (B) as a function of P appears as shown in 
Fig.E 2.22(6). 
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Fig.E 2.22. (/») Plot of T versus P ^ for a constant volume gas thennometer. 


It can be observed from Fig.E 2.22 ( b ) that the value of T us P^ — ► 0 is 
identical. Such a behavior can be expected because all gases behave like ideal 
gases as P -* 0. Hence to obtain the correct temperature one should ensure that 
P lp is as low as possible. Therefore to obtain the actual temperature of the system, 
F-qn. ( B ) is modified as 


7-- 273.l6,|i» | 



Kxample 2.23 

It is known that ihc variation of electrical resistance of a wire with temperature 
is not linear. Is it possible to use the electrical resistance as a thermometric 
property ? 

Solution : 

If the variation of a thermometric property is not linear with temperature the 
functional dependence of the property on the temperature should be known for it 
to be used as a thcrmomctric property. 

Example 2.24 

Suppose one devises a constant pressure ideal gas thermometer for the 
measurement of temperature. If the measured volumes of the gas at temperature 
T and at the triple point of water are V and respectively, determine the relation 
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Solution : 

For an ideal gas PV = nRT 

where V is the total volume, n is the mole number of the gas. At constant pressure, 
the above relation gives T « V. 

Therefore. ~= or 

•t r "r 


The above relation will be exact only when the gas behaves like an ideal gas 
or in the limit as P v -> 0. Hence, one can estimate the temperature T from the 
relation 


T= 273.16 f 



Example 2.25 

What are the practical difficulties associated with the use of ideal gas 
thermometer? 

Solution : 

The ideal gas thermometer can be used at temperatures where the behavior 
of the gases tend to the behavior of ideal gas. It is known that at low temperatures 
the behavior of gases deviate from the ideal gas behavior. More over, the low est 
temperature (4.2 K) can be achieved by using helium gas at its normal boiling 
point. This sets a limit on the lowest temperature dial can be measured. In addition 
to this great skill and experience are required to operate an ideal gas thermometer 
since it is necessary to apply several corrections to obtain accurate values of 
temperature. 

Example 2 .26 

What is IPTS-68 and name some of the primary fixed points on which it is 
based. 

Solution : 

In view of the practical difficulties associated with the use of idea' 
thermometer, the international committee on weights and measures have adopted 
the International Practical Temperature Scale (IPTS-68) in 1968, based on a 
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number of easily reproducible fixed points. Some of the primary fixed points on 
which 1PTS-68 is based are given below : 


Primary fixed point 
Triple point of hydrogen 
Normal boiling point of hydrogen 
Triple point of oxygen 
Normal boiling point of oxygen 
Triple point of water 
Normal freezing point of silver 
Normal freezing point of gold 


Temperature (°C) 

- 259.34 

- 252.87 
-218.789 

- 182.962 

0.01 

961.93 

1064.43 
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Properties of Simple Compressible Fluids 


Example 3.1 

What is meant by a pure substance ? Can we treat air as a pure substance ? 

Solution : 

In general a pure substance is one which consists of a single chemical species 
like H.O, He. N„ O,. etc. Quite often in engineering analysis one deals with 
systems of fixed composition like air. Air is a mixture of 79 % nitrogen and 21 % 
oxygen (by volume). If a certain quantity of air. enclosed in a piston-cylinder 
assembly, undergoes cooling/ heating or comprcssion/expansion processes, its 
composition does not undergo any change. In such cases it can be treated as a 
pure substance. However, if the air is cooled to sufficiently low temperatures 
where it can be present in both liquid and vapor phases, then it cannot be considered 
as a pure substance, because the composition of the liquid will be quite different 
from that of the vapor. 


Example 3.2 

Explain the meaning of the tetm 'phase' 

Solution : 

A system which is uniform throughout both in chemical composition and 
physical state, is called a phase. A pure substance can exist in three different 
states of physical aggregation. For example, water can be found as solid (ice), 
liquid and gas (water, vapor or steam). Solids can be found in different ullotropic 
forms. For example, sulfur can be found in rhombic form (lemon yellow in color) 
and in monoclinic form (orange in color).Thc properties of these ullotropic forms 
differ from each other. Hence solid sulfur can be found in two different phases. 
Similarly solid carbon can exist in two different phases, namely- graphite and 
diamond. 
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Example 3.3 

ll is known that pure substances can exists in difTerent phase. Is it possible to 
find mixtures also in different phases ? Give one example. 

Solution : 

Mixtures also can be found in different phases. A mixture of alcohol and 
water can exist in liquid as well as vapor phases. However, the chemical 
composition of the vapor phase is usually different from that of the liquid phu.se. 

Example 3.4 

What is meant by compressible substance ? 

Solution : 

All substances- solids, liquids and gases-changc their specific /molar volume 
when they are subjected to a change in temperature and pressure. Depending on 
the range of the temperature, applied pressure and on the nature of the substance 
the change in the volume may be significant or insignificant. If the change in the 
volume is negligible the substance is called incompressible. Usually liquids and 
solids are treated as incompressible substances. On the other hand, if the change 
in the volume is quite significant the substance is called compressible. 


Example 3.5 

Define isothermal compressibility (K), isentropic compressibility (k^), and 
coefficient of volume expansion. (P). 

Solution : 

The isothermal compressibility (K) is defined as the rate of decrease of volume 
with pressure at constant temperature and per unit volume. That is. 



The isentropic compressibility (K,) is defined as the rate of decrease of volume, 
per unit volume, with pressure at constant entropy. That is 



The coeffccicnt of volume expansion (P) is defined as the rate of change of 
volume, per unit volume, with temperature at constant pressure. That is 
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Example 3.6 

Explain the meanings of (he terms 'simple substance' 'and simple 
compressible substance'. 

Solution : 

A substance which can exchange energy through only work mode is called a 
simple substance. If the work mode through which a simple substance can 
exchange energy is the boundary movement (or compression/expansion) then it 
is called a simple compressible substance. In other words, a simple compressible 
substance can exchange energy with its surroundings though Pdv work mode in 
addition to the energy exchange through heat interaction. 

Example 3.7 

Describe the commonly employed methods by which the thermodynamic 
data of substances are presented. 

Solution : 

The thermodynamic properties which are in wide use are pressure IP), molar/ 
specific volume (v). temperature IT), enthalpy (h) and entropy Is) .[ The terms 
enthalpy and entropy are defined later]. The widely used and most convenient 
methods of representing the thermodynamic data are: 

(a) Graphical representation or presenting the data in the form of diagrams 
or chans. 

lb) Tabular representation or presenting the data in the form of tables. 

(c) Mathematical representation or presenting the data in the form of 
equations. 

Example 3.8 

Name the widely used thermodynamic diagrams for a pure substance. 
Solution : 

The most widely used thermodynamic diagrams for a pure substance arc: 
Pressure versus volume IP - v) diagram. 

Pressure versus temperature < P -T) diagram. 

Temperature versus volume IT- v) diagram. 

Temperature versus entropy IT - s) diagram. 

Enthalpy versus entropy lh -s) diagram, or Mollier diagram. 

Pressure versus enthalpy. IP — h) diagram. 
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Example 3.9 

Explain the terms - 'saturated liquid' and 'saturated vapor’ : 

Solution : 

A liquid which is in equilibrium with its own vapor at a specified temperature 
/ pressure is called a saturated liquid. That is a liquid at its boiling point at specified 
pressure is a saturated liquid. A vapor which is in cqulibnum with its own liquid 
at a specified temperature / pressure is called saturated vapor. That is a vapor at 
its condensing temperature at specified pressure is a saturated vapor. It is know n 
that at standard atmospheric pressure water boils at IOO"C generating its own 
vapor. Hence, at standard atmospheric pressure, water at 1 00°C is a sanitated 
liquid. The steam or water vapor which is in equilibrium with boiling water at 
I owe (at Standard atmospheric pressure) is at its condensing temperature and 
hence it is saturated vapor. 


Example 3.10 

How many thermodynamic degrees of freedom are there fora pure substance 
existing as (a) saturated liquid and (£>) saturated s apor ? 

Solution : 

. (a) According to the Gibbs phase rule, the thermodynamic degrees of freedom 
(F) are given by 


Where C is the number of components and P is the number of phases. For a 
pure substance C = I . If the substance is existing as saturated liquid, it is in 
equilibrium with its own vapor! the quantity of vapor may be negligible). Hence 
P = 2. Application of the phase rule gives F = C * 2 - P = 1 + 2 - 2 = I . Hence 
only one intensive property can be specified for the complete description of the 
state of the system. Therefore, one can specify cither pressure ( P) or temperature 
(T). For example, tire system is saturated liquid at standard atmosphere pressure 
(/' = 101.325 kPa) Then the temperature at which the saturated liquid is existing 
is lOOt. On Ihc other hand if the temperature of the saturated liquid is specified 
as I OWC then the system pressure is one standard atmosphere. 

(hlSaluraled vapor implies that it is in equilibrium with its own liquid. Hence 
C = I and P = 2. Therefore, application of the phase rule gives F = C +2- P = \ 
+ 2 - 2 = I. Hence, one can specify either temperature IT) or pressure (P). 


Example 3.11 

Explain the terms 'saturation temperature' and ‘saturation pressure'. 
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Solution : 

The temperature al which a liquid boils (or in equilibrium with its own vapor) 
at a specified pressure is called saturation temperature .The pressure, at a specified 
temperature, at which the liquid boils (or in equilibrium with its own vapor) is 
called saturation pressure. We know that al standard atmospheric pressure (P = 
101.325 kPa). water boils at I00“C. Therefore. atP = 101.325 kPa. the saturation 
temperature of water is IOO"C.At I00"C. the saturation presurc of water is 101.325 
kPa. Sometimes, the saturation piesure is called as vapor pressure. 

Example 3.12 

What is quality or dryness fraction ? 

Solution : 

A mixture of saturated liquid and saturated vapor is described by specifying 
its quality (X) or dryness faction . The quality is defined as the ratio of the mass 
of saturated vapor to the total mass of the mixture. That is. 

mass of saturated vapor 

quality = — : 1 — 

mass of mixture 


or x= m,= m t 

m m /+ m. 

where m = mass of mixture 

m f — mass of saturated liquid 
m t = mass of saturated vapor 

Example 3.13 

Express the specific / molar volume of a mixture in terms of the quality of 
the mixture. 

Solution : 

Since volume is an extensive property, it is additive. That is. the total volume 
of a mixture is the sum of the volumes of saturated liquid and saturated vapor. 
Let v f and denote the specific / molar volume of saturated liquid and saturated 
vapor, respectively. Then the total volume (V) of a mixture of mass (m) is given 
by 

V=mv = nyy m,v t <A) 



or 


(I -X)Vj + Xv f 
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v = v ( + X (v^ - v ( ) = v, + Xv u 

Where v = specific volume of mixture 

v )t = v t - v, - Change in specific volume due to vaporization. 

Eqn. (A I can be rewritten as 

mv = (m ( + v = m ( v ; + mv g 



Eqn. (B) is commonly known as the lever rule. Similar relations can be used 
to describe any extensive property (like internal energy u. enthalpy h, entropy r) 
of a mixture in terms of its quality. X. 

Example 3.14 

What is triple point ? Fora pure substance how many degrees of freedom are 
there at the triple point? 

Solution : 

The state at which all the three phases - solid, liquid and vapor coexist in 
equilibrium is called the triple point. At the triple point . C = 1 ; P =. 3 and 
application of the phase rule gives F = C + 2 - P = \ + 2- 3 = 0. Hence, the 
number of degrees of freedom at the triple point is equal to zero. In other words 
the triple point is invariant lF= 0). One cannot arbitrarily assign either temperature 
or pressure for the triple point. The triple point exists at a definite pressure and 
temperature. For example, the triple point of water is P = 0.61 IkPa and 
/ = 0.0l°C. 


Example 3.15 

What is critical point ? 

Solution : 

Criticul point represents the highest temperature and pressure above which a 
liquid cannot exist. At the critical point the Irquid and vapor are indistinguishable. 
That is. the properties of saturated liquid and saturated vapor are identical at the 
critical point. The tempraturc and pressure at the critical point are called critical 
temperature IT ) and critical pressure (P € ). If a vapor or gas is to be condensed 
(or liquified) at constant temperature by the application of pressure, its temperature 
must be below the critical temperature. Similarly, if a gas is to be liquified by 
cooling at constant pressure its pressure must be below the critical pressure. 
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Example 3.16 

Suppose energy is continuously transferred as heat at constant pressure to a 
solid till it completely converts into vapor. Represem the path followed by the 
system (solid) on a temperature versus volume diagram. 

Solution : 



Fig.E 3.16. Tcmpcraturc-solumc diagram at four different pressures /\>P r 

If energy is transferred as heat at constant pressure P, to a solid at state A. its 
temperature and specific volume increase and follows the path A B as shown in 
Fig.E 3.16. At state B. the solid starts melting while the temperature remains 
constant, till it reaches state C where it completely exists as liquid. The segment 
BC represents the fusion process. On further heating, the specific volume and 
temperature of the liquid increase and the system follows and path CD. At state 
D the liquid starts vaporizing. With continued heating, more and more of liquid 
vaporizes while its temperature remains constant and the path followed by the 
system is represented by DE in Fig.E 3.16. The segent DE represents the 
vaporization process. At stale D. the liquid is available as saturated liquid. At 
state E all the liquid is completely vaporized. The vapor at state E is called 
saturated vapor. On further heating the vapor follows the path E F. If similar 
experiments are made at higher pressures A\ to P J (P 1 > P , > P 2 > /’,) and the 
results are represented on the same diagram, they will appear as shown in 
Fig.E 3.16. 

Example 3.17 

What is meant by superheated vapor ? 
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Solution : 

A vapor existing at a temperature above the saturation temperature at a 
specified pressure is called superheated vapor. For example steam at 101.325 
kPaand 1 50°C is a superheated vapor, since at the specified pressure P= 101.325 
kPa the saturation temperature of water is I00"C and the vapor is available at 
1 50*0 which is above the saturation temperature. 

Example 3.18 

What is subcoolcd liquid or compressed liquid ? 

Solution : 

A liquid at a tcmprature below its saturation temperature, at a specified 
pressure, is called subcoolcd liquid or compressed liquid. Subcoolcd liquid implies 
that it is existing at a temperature which is less than the saturation temperature, 
at the specified pressure. The term compressed liquid implies that the liquid is 
existing at a pressure which is greater than the saturation pressure, at the specified 
temperature. 

Example 3.19 

Sketch the pressure-volume diagram for a pure substance and indicate the 
various regions on it. 

Solution : 



Fig.E 3.19. Pressure versus volume diagram for a pure substance. 
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The curve AB represents the saturated liquid. Saturated vapor is represented 
by the curve BC.Thc point C denotes the critical point. The isotherms are shown 
by the curves T t to 7~, (7‘, > T c > T 2 > T,). The regions denoted by L and t' 
correspond to subcoolcd liquid and superheated vapor, respectively. The region 
enclosed by the dome ACB denotes the two phase region where mixtures of 
saturated liquid and saturated vapor are present. The constant quality lines ate 
indicated by dashed lines and these constant quality lines merge at the critical 
point. The points D and E represent the saturated liquid and saturated vapor which 
are in equilibrium with each other. The point M. lying on the line segment DE. in 
the two phase region, denotes a mixture of quality X. 


Example 3.20 

Suppose a constant volume vessel is initially filled with a small quantity of 
saturated liquid and the remaining volume is filled with saturated vapor at a 
given temperature and the vessel is heated. Trace the path followed by the 
system (material contained in the vessel) on a P-v diagram. Show the path on 
the same P-v diagram had the vessel been filled with a large quantity of saturated 
liquid and the remaining volume with saturated vapor. 

Solution : 

The volume of the vessel as well as the mass of material in the vessel remain 
constant during heating. Hence, the specific volume of the material remains 
constant. In other words, the system follows a constant volume process. If the 
vessel is filled with a small quantity of saturated liquid, the quality (JO of the 
initial mixture is large. That is the initial stale is close to the saturated vapor 
curve as shown by A in Fig.E 3.20. As energy is transferred in the form of heat 
to the system, its lemcperalurc and pressure increase at constant volume. The 
path followed by the system is as shown by ABCD. Finally the system ends up in 
the superheated vapor state I (point D). 



Fig.E 3.20. P- v diagram showing constant volume heating process. 



ENGINEERING THERMODYNAMICS THROUGH EXAMPLES 


At state B, the quality of the mixture is X, which is greater than X A . At state 
C. the substance is saturated vapor. That is during heating, the liquid vaporizes 
increasing its quality from X, to X, and at stale C, X, = I . With further heating 
the system reaches state D. 

If the vessel is initially filled with a large quantity of saturated liquid, the 
quality of the mixture is low (X t )and the system is in state I. During the constant 
volume healing, the system follows the path 1 234 as shown in Fig.E 3.20. With 
continued transfer of energy as heat at constant volume, the liquid expands, its 
quality decreases (Xj < X ( ) and occupies the entire vessel at stale 3 where it is 
available as saturated liquid fX, = 0). With further heating, the system reaches 
itate 4, where it is available as subcooled liquid or compressed liquid. The isotherm 
passing through state 4 is shown as T 4 . The saturation pressure corresponding to 
7, is shown as P t The system is at pressure P 4 which is greater than and 
hence the system at state 4 exists as a compressed liquid. 


Example 3.21 

Suppose a closed and rigid vessel is initially filled with a mixture of saturated 
liquid water and saturated water vapor at 100 kPa. On transferring energy as 
heat, the water is found to pass through the critical point . Determine the ratio of 
the volume of saturated vapor to the volume of the saturated liquid with which 
the vessel is initially filled. At 1 00 kPa. vy= 0.001 043 4 m 1 / kg and v. = 1 .694 
m' / kg. The critical volume of water is 0.003 17 m'/ kg. 

Solution : 


N 



Fig.E 3.21. P-r diagram showing the constant volume heating process which 
lakes the system through critical point. 

As the vessel is rigid, its volume remains constant. Since the vessel is closed 
and the total mass of mixture remains constant the system follows a constant 
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volume process. Il is given that ihe system passes through the critical state on 
heating. Therefore, the specific volume at the critical point is equal to the specific 
volume of the mixture. That is 


v=i ■ v = Xv /! + (I -X/Vj (A) 

Where v„ is the specific volume of the mixture. The path follwcd by the 
system is shown as M N on a P—v diagram in Fig.E 3.21 . The point M denotes 
the initial mixture at 100 kPa and the points F and G denote the saturated liquid 
and saturated vapor, respectively at 100 kPa. Substituting ihe given values in 
Eqn. M), we get 

0.003 17= 1.694 X* (I- X) 0.001 043 4 


0.00317 - 0.0010434 
1.694 - 0.0010434 


1.256x10-’ 


Volume of saturated vapor _ _ I m r I ">lv, _ Xv K 

Volume of saturated liquid y (m,/m)v, (l-X)v, 

_ 1.256x10-* x 1.694 ; 

” (I-I.256xl0-')0.0010434 _ 


Example 3.22 

The pressure-volume-temperature relationship for a substance can be 
conveniently shown on a P -e- T diagram. Sketch the P~ v- T diagram for a 
substance which contracts on freezing. 

Solution : 

Fig.E 3.22 shows the P - v- T diagram for a substance which contracts on 
freezing. Many substances follow the trend shown in the figure. However, there 
are some exceptions like water which expands on freezing. 

The solid, liquid and vapor phases appear as surfaces. These single phase 
regions (marked as S. L and V) are separated from the two phase regions (S + 
L). (S + V) and (L + V) by surfaces which represent a two phase mixture. For 
example, the solid and liquid regions are separated by a solid-liquid surface. 
Similarly, the liquid and vapor regions are separated by a liquid-vapor surface. 
Any state denoted by a point lying on a line separating the single phase region 
from a two phase region is called saturated. It can be observed from Fig.E 3.22 
that the isotherm shows a discontinuity at the saturated slate . For example the 
isotherm 1234 is discontinuous at 2 and 3. The liquid existing at state 2 is called 
saturated liquid while ihe vapor at state 3 is called saturated vapor. 
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Fig.E 3.22. P- v— T diagram for a substance which contracts on freezing. 
Example 3.23 

Sketch a phase (P versus T) diagram for water and indicate the solid, liquid 
and vapor regions on it. Explain how this diagram differs from the phase diagram 
of other substances. 

Solution : 

The phase diagram for water is shown in Fig.E 3.23 in which the regions of 
solid, liquid and vapor are indicated. The single phase regions are separated 
front each other by saturation lines. For example, the solid and liquid regions ate 
separated by the fusion curve T 2. Along the fusion curve both solid and liquid 
phases coexist in cquilibrum. It can be observed that the slope of the fusion 
curve is negative. 

That is. 



which shows that the melting point of ice decreases with increasing pressure. 
The sublimation curse IT separates the solid region from the vapor region, while 
the vaporization curve TC separates the liquid region from the sapor region. 
Along the sublimation curse the solid and vapor phxscs coexist in equilibrium 
while the liquid and vapor phases coexist in equilibrium along the vaporization 
curve. The phase diagram shown in Fig.E 3.23 represents the phase behavior of 
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substances (like water, bismuth and untimorv) which contract on melting, that is, 
the specific volume of the liquid is smaller than the specific volume of the solid .The 
slate T represents the triple point where all the three phases-solid, liquid and 
vapor- coexist in equilibrium. The state C represents the critical point where the 
properties of liquid and vapor are identical and they cannot be distinguished 
from one another. For all other substances the slope of the fusion curve will be 
positive (as shown byT 2' on the diagram) which indicates that the melting point 
increases with increasing pressure. 



FigE. 3.23. Phase diagram for water. 


Example 3.24 

An anomolous behavior of water is observed on the phase diagram. That is. 
the slope of the fusion curve is negative for water whereas for all other substances 
the fusion curve has a positive slope. Give two examples where this anomolous 
behavior is found to be advantageous. 

Solution. : 

When water freezes into ice. its specific volume increases or density 
decreases. Hence ice floats on water. In cold countries the water in the lakes and 
sea starts freezing and the ice thus formed floats on water. The floating ice acts as 
an insulating material and docs not expose the water at the bottom layers to the 
cold atmosphere thus preventing further freezing of water at the bottom layers. 
Therefore, the acquatic life can survive in the water. The melting point of ice 
decreases with increasing pressure. This phenomenon is taken to advantage by 
ice skaters. In the cold countries as well as in some parts of north India, like 
Simla, Jammu and Kashmir the water in the lakes freeze into ice at temperature 



ENGINEERING THERMODYNAMICS THROUGH EXAMPLES 


less than 0"C. Al atmospheric pressure, ice does noi inch below 0°C. The ice 
skales are usually tapered at the bottom and under normal conditions of use, the 
area of contact between the skales and ice is very low. When a person stands on 
the skates, he/she evens enormous pressure on the ice. Then the ice below the 
skates starts melting because of the applied pressure. The melting ice provides a 
thin layer of water between the ice surface and skates which acts as a lubricant 
which is turn helps in smooth gliding. 

Example 3.25 

Suppose a closed and rigid vessel is initially filled with a 

(a) large quantity of saturated liquid water and the remaining volume is filled 
with saturated water vapor. 

(/>) small quantity of saturated liquid water and the remaining volume is 
filled with saturated water vapor and energy is transferred as heat to the vessel. 
Since the volume of the vessel and the quantity of water remain constant, the 
water follows a constant volume process. Sketch the constant volume paths 
followed by water, in both the above cases, on a phase diagram. 

Solution : 

lit) If the vessel is filled with a large quantity of saturated liquid water and 
heated at constant volume the path followed by water is shown as 1 234 on a 
P—v diagram in Fig.E 3.20. At states I and 2, both the liquid and vapor phases 
coexist and hence these states lie on the vaporization curve on a phase diagram. 
State 3 represents saturated liquid and hence this state also lies on the vaporization 
curve.The state 4 represents liquid and hence it lies in the liquid zone. Since the 
compressibility of liquid is very low. the rise in pressure with temperature will 
be very high and hence the slope of 3-4 is large. The constant volume path 
I -2-3-4 is show n in Fig.E 3.25 on a phase diagram. 


P 



T 


Fig.E 3.25. Representation of constant volume lines on a phase diagram. 
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0>) When the vessel is filled with a small quantity of saturated liquid water 
and heated at constant volume, the path followed by water is shown as ABCD on 
a P-v diagram in Fig.E 3.20. The stales A. B. and C. lie on the vaporization curve 
while the state D lies in the vapor region. The constant volume path followed by 
water is shown as ABCD on a phase diagram in Fig.E 3.25. 

Example 3.26 

Represent the following processes on a phase diagram. 

(n) Constant pressure heating of liquid water to produce superheated vapor. 
(h) Isothermal vaporization of liquid water to produce superheated steam, 
(c) Liquid water is converted to superheated steam without observing the 
phase transition. That is the vaporization of liquid cannot be detected during 
phase change. 

Solution : 



Fig.li 3.2ft. Phase Diagram. 

(a) The initial state of liquid w ater is indicated as I in Fig.E 3.26. If energy 
is added as heat at constant pressure to liquid at state I, the temperature of the 
liquid increases till it reaches state A. where it is available as saturated liquid. If 
energy addition is continued, vaporization occurs and the temperature and pressure 
remain constant till all the liquid is converted into saturated steam. The state A 
represents both the saturated liquid and saturated vapor. With continued addition 
of energy water reaches state 2. which is superheated vapor. 

Ibl If liquid water at stale I is maintained at constant temperature and the 
pressure is reduced, it follows the path I B3. State B represents saturated liquid as 
well as saturated vapor and stale 3 denotes superheated vapor. 
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(c) If liquid water al stale I is subjected lo a process path indicated by 1 134 
os shown in Fig.E 3.26, il is nol possible lo observe the phase change al any slage 
during Ihc course of Ihe process. The process palh passes through Ihe supercrilical 
fluid region. Il is always possible lo convert a liquid into vapor or vice -versa 
wilhoul observing phase transition, by taking Ihe fluid through Ihe supercritical 
fluid region. 


Example 3.27 

Sketch Ihc phase diagram for a substance that expands on freezing and indicate 
the regions of subcoolcd liquid and superheated vapor. 

Solution : 

The phase diagram for a substance like water which expands on freezing in 
shown in Fig.E 3.27. The liquid existing at stale I in Fig.E 3.27 is called .subcooled 
liquid. The liquid al state I is characterized by pressure /' and temperature T f . Al 



Fig.E 3.27. Phase diagram for a substance that expands on freezing. 

Ihe specified pressure P , Ihe saturation temperature of the liquid is T a -Since 
the liquid al state I is at a temperature T, which is less than the saturation 
temperature T a it is called subcoolcd liquid. This state can be achieved by cooling 
the saturated liquid at state a to a temperature T t <T a . The liquid at state 1 
can also be called as compressed liquid since at the specified temperature T, 
the liquid exists at a presure P, which is greater than the saturation pressure P K 
This state can be achieved by compressing the saturated liquid at state b to 
a pressure > l\. Similarly, the vapor at state 2 is at a temperature T 1 which 
is greater than the saturation temperature T : at the specified pressure l‘ v 
Hence the vapor at stale 2 is called super heated vapor. Usually the term 
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superheating is used if the temperature of a vapor is increased at constant pressure. 
For a pure substance exsisling in two phases liquid and vapor-the saturation 
pressure is usually referred as vapor pressure. The temperature at which a given 
liquid boils at standard atmospheric pressure ( 101 .325 kPa) is called the normal 
boiling point. 

Example 3.28 

Name a few drawbacks associated with the graphical representation of 
thermodynamic data. 

Solution. : 

The drawbacks associated with the graphical representation of thermodynamic 
data arc: 

1 . The values of the properties cannot be read accurately. 

2. Sometimes it is necessary to interpolate the data leading to loss of accuracy, 
since the data is usually presented at some selected values of the 
independent variables only. 

3. Quite often it is necessary to have a knowledge of the partial derivatives 
of the thermodynamic properties and such information is not readily 
available on thermodynamic diagrams. The estimation of the partial 
derivatives of thermodynamic properties from diagrams is quite difficult 
and invariably the estimated values can be used as approximate values 
only and are not accurate. 

4. The number of properties that can be presented on a diagrams is limited. 
Any attempt to increase the number of properties renders the diagram 
unreadable and leads to confusion. 

Example 3.29 

Suggest an alternative method of representing the thermodynamic data, which 
is likely to overcome some of the drawbacks associated with the graphical 
representation. 

OR 

List the advantages of representing the thermodynamic data in a tabular form 
compared to the graphical representation. 

Solution : 

An alternative method of representing the thermodynamic data of pure 
substances is to present the data in tabular form. The tabular representation of 
data overcomes some of the drawbacks associated with the graphical 
representation of the same data. The advantages associated with the tabular 
representation of data are given below . 
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1 . The values can be read accurately. 

2. The data can be listed in fine increments of the independent variables. 

3. There is no limitation on the number of properties that can be presented in 
a tabular form. 


Example 3J0 

Describe the most convenient and widely used format for the tabular 
representation of thermodynamic data of saturated steam. 

Solution : 

The important thermodynamic properties like P.v.T.u, h and .r for saturated 
liquid and saturated vapor are presented in a tabular form. Such tables are available 
for water, ammonia, sulfur dioxide, carbon dioxide, freons etc. which are 
commonly used as working fluids in heal engines and refrigerators. In general, 
the format of all these tables is similar. Hence, it is enough if a representative 
table for one fluid is described. Since steam is extensively used in power plants 
and in several industries and an exact equation of state which is applicable over 
wide ranges of temperature and pressure is not available, the steam tables arc 
described below. 

If a single component simple system exists in two phases, say liquid and 
vapor, then the system (the substance under consideration) has only one degree 
of freedom. That is. only one independent thermodynamic property ( either P or 
73. can be specified for the complete spccifiction of the stare of the system. If the 
temperature T is chosen as the independent variable . then the system has definite 
values for all other thermodynamic properties. The most convenient and widely 
used format of the saturated steam (Temperature) table is as given in table for 
Example 3.30 (page 93). 


Example 3JI 

What is the reference state chosen for tabulating the thermodynamic properties 
of water in the steam tables ? 

Solution : 

The selection of the reference slate for the purpose of tabulating the 
thermodynamic properties of a substance is quite arbitrary and it is governed by 
convenience only and not by any law. The selected reference states differ from 
substance to substance. By convention, the saturated liquid water at its triple 
point (0.0l°C and 0.61 13 kPa) is chosen as the reference slate while tabulating 
the thermodynamic properties of steam. The specific (molar) internal energy (u) 
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Temperature Pressure P Specific volume 

ICC) (kPa) (m’/kgi 

Sat. liquid Sat. Vapor 

Specific enthalpy 
tkj/kgl 

Sat. liquid .Sat. vapor 

A, \ 

Specific entropy 

IkJ/kg K) 

Sat. liquid Sat. vapor 

0 

0.6108 

O.OOI 000 2 

206.3 

-0.04 

2501.6 

-0.0002 

9.1577 

O.CI 

0.6113 

0.001 000 2 

206.15 

0.000 61 

2501.4 

00000 

9.1573 

100 

101.33 

0.001 043 7 

1.673 

419.06 

2676.0 

1.3069 

7.3554 

200 

1554.9 

0.001 156 5 

0.1272 

852.37 

2790.9 

2.3307 

6.4278 

374.15 

22120.0 

0.003 17 

0.003 17 

2107.4 

2107.4 

4 4429 

4.4429 


Table for Example 3.33 

Pressure/* 

(kPa) 

Temperature Specific volume 

ICO 

Specific enthalpy 

Ikj/ksl 

Specific entropy 
<kj/kg K) 



SaL liquid 

Sal. Vapor 

SaL liquid 

A, 

SaL vapor 
A f 

Sat. liquid 

Sat. vapor 

0.6113 

0.01 

0.001 000 2 

206.15 

0.000 61 

2501.4 

0.0000 

9.1573 

1 

6,9828 

0.001 000 1 

129.20 

29.34 

2514.4 

0.1060 

8.9767 

5 

32.898 

0.001 005 2 

28.19 

137.77 

2561.6 

0.4763 

8.3960 

10 

45.833 

0.001 010 2 

14.67 

191.83 

2584.8 

0.6493 

8. 1511 

100 

99.632 

0.001 043 4 

1.694 

417.54 

2675.4 

1.3027 

7.3598 

200 

120.23 

0.001 060 8 

0.8854 

504.70 

2706.2 

1.5301 

7.1268 

22120 

374.15 

0.003 17 

0.003 17 

2107.4 

2107.4 

4.4429 

4.4429 
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and ihe specific (molar) entropy (s) of saturated liquid water at the triple point 
have been arbitrarily assigned a value of zero in the steam tables. 


Example 3-32 

State the ranges of temperature and pressure as well as the states for which 
the thermodynamic properties of saturated steam are tabulated in the steam tables. 

Solution : 

All the steam tables present the thermodynamic properties of saturated liquid 
and saturated vapor starting from the triple point (0.01“C and 0.61 13 kPa) to the 
critical point (374.15°C and 22.12 MPa). Since the properties of water at 0°C are 
quite often needed in the thermodynamic calculation, the properties of saturated 
liquid and saturated vapor at this temperature are also tabulated in the steam 
tables. 


Example 3-33 

Describe the format of the saturated steam tables if one chooses to use the 
pressure as the independent variable for the specification of the state of the 
saturated liquid or saturated vapor. 

Solution : 

If the pressure P is chosen as the independent variable for the description of 
a two phase single component system ( liquid and vapor phases coexisting in a 
state of equilibrium), then the system has definite values for all other 
thermodynamic properties. The widely used format of the saturated steam 
(pressure) tables is given on page 93. The data presented in the saturated steam 
(temperature) and saturated steam (pressure) tables is the same but the format 
differs from each other. 

Example 334 

In thermal power plants and in process industries one deals with superheated 
steam, that is steam at a temperature which is above the saturation temperature. 
Describe the most widely used format for presenting the thermodyanmic properties 
of superheated steam. 

Solution : 

The superheated steam exists in only one phase. Hence two independent 
variables-prcssure (P) and temperature (7> are to be specified for complete de- 
scription of the state of the superheated steam. The most convenient and widely 
used format for presenting the thermodynamic properties of superheated steam 
is given below. 
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Preuure P(bar) 

(Saturation temperature *C) 

Temperature r|"C) 

100 

200 

3(81 

0.2 

i(mTkg) 

*.5115 

10.507 

13.219 

(60.09) 

AlU/kg) 

2686.3 

2879.2 

3076.4 


J(ki/kg K) 

8.1261 

8.5839 

8.9618 

1 

v 

1.6960 

2.1720 

2.6390 

(99.63) 

h 

2676.2 

2875.4 

3074.5 



7.3618 

7.8349 

8.2166 

2 


_ 

1.0804 

1.3162 

(120.23) 

h 

- 

2870.5 

3072.1 


5 


7.5072 

7.8937 

20 

v 



0.1255 

(212.37) 

h 

- 

- 

3025.0 


s 



6.7696 


Example 3 -35 

Freon-12 (dichloro difluoro mclhane CCI,Fj ) and ammonia are used as 
refrigerants. Specify the reference state which is normally adopted for tabulating 
the thermodynamic properties of these substances. 
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Solution : 

By convention the saturated liquid at— IO°C is chosen as the reference state 
for tabulating the thermodynamic properties of refrigerants. The internal energy 
I it,) and entropy (.«,) of saturated liquid at -40°C have been arbitrarily assigned a 
value of zero. 

Kxamplc 3.36 

Does the arbitrary selection of the reference stale for tabulating the 
thermodynamic properties of substance affect the thermodynamic analysis of 
processes ? 

Solution : 

The choice of reference state does not affect the thermodynamic analysis of 
processes since in thermodynamics one is concerned with the changes in the 
thermodynamic properties of the substances while they undergo a process. 

Kvamplc 3.37 

What is the saturation temperature of water at 0.5 bar pressure ? What is the 
saturation pressure of water at 1 30°C ? 

Solution : 

From the saturated steam tables (pressure) given in the Appendix-1 one can 
read the saturation temperature as 81 .345"C at 0.5 bar pressure. From the saturated 
steam (Temperature) tables given in Appendix —2, one can read the saturation 
pressure as 2.701 3 bar. 

Example 3.38 

The domestic pressure cookers maintain a pressure of 2 bar while food is 
cooked in it. Determine the temperature at which water boils in a domestic pressure 
cooker. 

Solution : 

The boiling point of water in a domestic pressure cooker is equal to the 
saturation temperture at 2 bar. From the saturated steam tables (Pressure) given 
in the Appendix- I . one can read the saturation temperature of water at 2 bar 
pressure as 1 20.23“C. 

Example 3.39 

Determine the specific volume of wet steam of quality 0.7 at 200°C. 
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Solution : 

Read (he following values from (he sa(ura(ed s(cam (Tempcra(urc) tables 
given in Appendix -2. 

v, =0.001 1 56 5 m'/kg ; v ( = 0. 1 272 m '/kg 
The specific volume of a (wo phase mixture can be calculated from the relation 
v = Xv + 1 1 -X) v. where X = quality of mixture, 
v = 0,7 <0. 1 272) + 0.3 <0.00 1 1 56 5) = 0.0894 m'/kg 


Example 3.40 

Determine the quality of wet steam at 200"C with a specific volume of 0.095 
m'/kg. 

Solution : 

From steam tables (Appcndix-2) for steam at 200"C we get v, = 0.001 1 56 5 
mVkg and v = 0.1272 m'/ kg 

we know that v= Xsy + ( I - XI vy 

Subsitituing the values of v. v . and v. in the above relation we get. 

0.095 = X( 0.1272) + (I - X) 0.001 1565 
or 0.095 - 0.001 156 5 = <0.1272 - 0.001 I565JX 


X = 


0.095 - 0.001 1565 
0.1272 - 0.001 1565 


= 0.7445 


Therefore, the quality <X) of the wet steam is 0.7445. 


Example 341 

Wet steam at 6 bar has a specific volume of 0.29 mVkg. Determine the 
specific volume if wet steam of the same quality is maintained at 3 bar. 

Solution : 

Read the following data from the steam tables given inAppcndix - 1 . Saturated 
s<camat6bar:iy=0.00l 1009 m Vkg ; v f = 0.3 155 m’/kg. Saturated steam at 3 
bar : v ( = 0.001 073 5 m'/kg ; v f = 0.6056 m'/kg. we know that 

v = Xv t + (l-X)v r (A) 

Eqn (A) can be rearranged as 



’* _v / 


(B) 
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Substituting the values of v. v f and v g at 6 bar in Eqn. (fl). we get 

x ._Q29-a€p..q09 9|88 

0.3155 - 0.0011009 

The specific volume of wel steam of quality 0.9188 at 3 bar is calculated 
from Eqn. (4 ) by substituting X = 0.9 1 88 and the values of ly and ly. at 3 bar 

v = 0.9 1 88 (0.6056) + ( I - 0.9 1 88) 0.001 073 5 = 0.5565 m’/kg 


Example 3.42 

A vessel of volume 2m' contains wet steam of quality 0.8 at 2 1 0°C. Determine 
the masses of liquid and vapor present in the vessel. 

Solution : 

The following data can be read from the steam tables (see Appendix - 2) at 
2I0°C 

v ( = 0.00 1 1 72 6 m'/kg ; v, = 0. 1 042 nrVkg 
The specific volume of wet steam of quality ( X ) 0.8 is given by 
v = Xv g + ( l-X) v f = 0.8 (0. 1 042) + 0.2 (0.00 1 1 72 6) = 0.0836 m’/kg 
V 2 

mass of steam (m) in the vesse 1 = — = = 23.923 kg 

v 0.0836 

where V = volume of the vessel 
Mass of vapor (m f ) = mX = 0.8 x 23.923 = 1 9. 1 38 kg 
Mass of liquid m, = ( I - X) m = 0.2 x 23.923 = 4.785 kg 

Example 3.43 

Determine the volume occupied by I kg of steam at the following conditions 
la) P = 0.4 bar : r = 300“C (b) P = 4 bar ; r = 300“C and (c) P = 1 0 bar ; t = 500"C 
Solution : 

The following values can be directly read from the superheated steam tables 
given in Appendix - 3 

(a) P = 0.4 bar and / = 300"C : v = 6.6065 m'/kg 

(b) P = 4 bar and t = 300°C : v = 0.6549 m'/kg 
tc) P = 10 bar and / = 500“C : v = 0.3540 m'/kg 
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Example 3.44 

Determine the specific volume of steam at 25 bar and 330°C. 

Solution : 

The steam tables given in Appendix - 3 does not have enterics at 25 bar and 
330*0. If the data is not tabulated in close intervals, it is recommended to 
estimate the required data by making use of linear interpolation. First, let us 
calculate the specific volume at 25 bar pressure at temperatures 300°C and 400“C 
as indicated below. Now read the following data from steam tables ( see Appendix 

- 3). P = 24 bar and / = 300"C : v = 0.103 36 m'/kg 
P = 2b bar and r = 300"C : v = 0.094 83 m Vkg 

Therefore, the specific volume (v,) at P = 25 bar and r, = 300“C can be 
calculated as. 


.Similarly, we read the following values also 
P = 24 bar and t = 400“C : v = 0. 1 25 22 m'/kg 


P = 26 bar and t = 400"C : v = 0. 1 1 5 26 m'/kg 

Therefore, the specific volume (v,) at P - 25 and r, = 400 'C is given by. 


0.12522+0.11526 
V, ~ 2 


= 0.12024 m’/kg 


Having determined the specific volumes at 300“C and 400"C at a pressure of 
25 bar. we can again use the method of linear interpolation to determine the 
specific volume at P = 25 bar and t = 330°C as shown below. 

The specific volume (v) at temperature / is given by 



0.099 095 + 


(0.I2024 - 0.09909S) 
(400 - 300) 


(330 - 300) 


= 0.105 439 m'/kg 


Example 3.45 

List some of the drawbacks associated with the tabular representation of 
thermodynamic properties of a substance. 
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Solution : 

Some of the drawbacks associated with the tabular representation of 
thermodynamic properties are given below. 

1 . The data cannot be presented in fine increments of the independent variables 
and for all the substances as the data is likely to occupy several volumes. 

2. In thermodynamic analysis quite often one is interested in the values of 
the partial derivatives of the thermodynamic properties. Accurate values 
of these partial derivatives cannot be obtained from the data if it is 
presented in tabular form. 

3. Since the data is usually presented in finite increments of the independent 
variables, some times it is necessary to interpolate the data. The accuracy 
of the interpolated values is usually poor. 

Example 3.46 

What is an equation of state ? 

Solution : 

A mathematical expression of the type flP.v.T) = 0 which describe the P- v 
-T behavior of substances is called an equation of state. Such a relation is called 
the mechanical equation of state. For a single component simple system there are 
three equations of state. They are (a) Mechanical equation of state (b) Thermal 
equation of state and (c) Chemical equation of state. It may be noted that all the 
equations of state of a substance are not independent and there exists a relationship 
among them. In general an equation which expresses the intensive parameter as 
a function of the extensive parameters is called an equation of state. A detailed 
discussion of the equations of state is beyond the scope of this book and hence 
we focus our attention on mechanical equation of state only. 

Example 3.47 

State the Boyle's law and Charles law. 

Solution : 

Boyle's law stales that the molar volume (v) of a gas varies inversely with 
pressure IP) when tempertaure tD is held constant. That is. 

v~— or Pv = constant (at constant Temperature). 

Charles law states that la) the molar volume of a gas is directly proportional 
to temperature when the pressure is held constant. That is v « T (at constant 
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pressure) and ( b ) ihe pressure exerted by a gas is directly proportional 
to temperature when the volume is held constant. That is P ■* 7' (at 
constant volume). 

Example 3.48 

What is an ideal gas equation of state ?What assumptions are made in deriving 
the ideal gas equation of state from the kinetic theory point of view and how 
docs one justify these assumptions ? 

Solution : 

The ideal gas equation of state is given by Pv = KT or l‘V = nKT where v - 
molar volume. V = total volume, n = number of moles and R = universal gas 
constant which is equal to 8.314 J /mol K or 8.314 kJ/kmol K. Based on the 
following assumptions, the ideal gas equation of slate can be derived through the 
kinetic theory of gases. 

1 . The volume occupied by the gas molecules is negligible compared to the 
volume available for free motion. 

2. The molecules are independent of each other and do not exert any attractive 
forces. 

At norma! temperature and pressure the number of molecules per cubic metre 
are approximately 2.4 x 10 25 . Hence, the volume available per molecule is 
approximately 4 x I0' 24 m\ The diameter of a molecule is approximately 
2 x It) -10 m and hence the volume of each molecule is approximately 
4 x l(r 27 m'. Hence the volume occupied by the molecule is about 1/1000 of the 
volume available for free motion . Therefore, it is reasonable to assume that the 
molecules do not occupy any volume. The volume available per molecule is 
4 X 10- 2 * m' or the distance between two adjacent molecules is approximately 
KT" m whereas the diameter of the molecule is 2 x KT 10 m. Thus, the distance 
between two molecules is 50 times the diameter of a molecule. Hence it is 
reasonable to assume that a molecule docs not exert any attractive force on other 
molecules. 


Example 3.49 

Is the ideal gas equation of state applicable to all gases and at all temperatures 
and pressures ? Does it represent the actual P- v- T behavior of gases ? 

Solution : 

The ideal gas equation of state is applicable only at low densities where the 
assumptions made in deriving it, through the kinectic theory of gases, can he 
justified. The ideal gas law is only an approximation or idealization to the behavior 
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of gases. Il is applicable al low pressures and high (cmperalures where the density 
is sufficiently low. In general the P- v-T behavior of real gases differs from that 
predicted by the ideal gas law. 


Example 3.50 

It is desired to store 28 kg of nitrogen at 14 MPa pressure and 27“C in a 
cylinder. Assuming that nitrogen behaves like and ideal gas determine the size of 
the cylinder. 

Solution : 


The ideal gas equation of state is given by. 
PV - nRT 


Hence 


Quantity of nitrogen = 


28 

28x 10 -' 


= I O 1 mol 


(molar mass of nitrogen. = 28 x IO"‘ kg/mol) 

Therefore volume of the cylinder, 

, nRT lO'x 8314x300 

V=— = TT^S =0.1782 nv’ 

P I4xl<r 


Example 3.5 1 

A0. 1 m 1 cylinder is charged with ethane ( CjH 6 ) to a pressure of 1 20 bar at 
27°C. Assuming that ethane behaves like an ideal gas, estimate the mass of 
ethane in the cylinder. 

Solution : 

Molar mass of ethane f C,H 6 J = 30x 10"' kg/ mol 

P= 120 bar = 120 xIO-’ Pa : T = 273 + 27 = 300 K ; v = 0. 1 m' 

We know that for an ideal gas PV = nRT or 


PV 

RT 


120x10^x0,1 

8.314x300 


= 481.12 mol 


Mass of ethane in the cylinder = 48 1 . 1 2 x 30 x I O' 1 = 14.434 kg 
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Example 3.52 

(a) Suppose II is desired lo charge 1 5 kg of ethane at 300 K into a cylinder of 
volume 0.08 m\ determine the pressure lo which the cylinder is to be charged. 

lb) If 20 kg of ethane is charged into a cylinder of capacity 0. 15 m ! and the 
cylinder is held at a pressure of 1 5 MPa. determine the temperature of the gas in 
the cylinder. Assume that ethane behaves like an ideal gas. 

Solution : 

(a) Given data: T = 300 K ; V = 0.08 m' 

Quantity of ethane = 15 kg = ^) x |q 1 ' “ 500 m°l 

(Molar mass of ethane . C,H„ = 30 x 10"' kg /mol) 

We know that for an ideal gas PV = nRT 

_ iiRT 500x8.314x300 
P= V 0.08 

= 15.589 MPa 

Therefore, pressure at which the cylinder is to be charged is 15.589 Mpa 

20 

( b ) Quantity of ethane = 20kg = — — = 666.67 mol 

/>= 15 MPa ; V=O.I5m’ 

We know that PV=nRT 


T- — = -.xiy?-^ = 40S.94K 
nR 666.67 x 8.314 

Therefore, temperature of ethane in the cylinder = 405.94 K = l.32,79"C 


Example 3.53 

The Van der Waals equation of slate is a modification of the ideal gas law. 
Name the factors which were taken into account by Van der Waal in modifying 
the equation of suite. 

Solution : 

The ideal gas law is only an approximation or idealisation lo the P- e- T 
behavior of gases and it is applicable at low densities only. The P- v- T behavior 
of real gases differ from that predicted by the ideal gas law. In 1873 Van der 
Waals proposed an equation of state which takes into account 

I . The unavailable volume for molecular motion, that is the excluded 
volume and 
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2. The attractive forces between the molecules which leads to a reduction in 
pressure exerted by the gas. 
while modifying the ideal gas equation of state. 


F.xample 3.54 

Explain the terms excluded volume and reduction in pressure which were 
incorporated in the ideal gas equation of slate leading to Van dcr Wauls equation 
of state. 

Solution : 

While deriving the ideal gas law. in the kinetic theory of gases, it is assumed 
that the molecules do not occupy any volume. In real gases, such asumption is 
not valid since the molecules do occupy some volumc.Thc Van dcr Waals equation 
of state takes into account the volume occupied by the molecules as explained 
below. The gas molecules are considered to be hard spheres of radius r. Then the 
centre to centre distance between two molecules at the instant of collision is 2 r. 
Therefore, a molecule cannot reach another moloculc such that its centre lies 
within a distance of 2r from the center of the other molecule. That is. the centre 
of a molecule is excluded from a spherical region, called the sphere of exclusion, 
of radius 2r from other molecules a shown in Fig.E 3.54. Then, the total unavailable 
volume or the excluded volume h for molecular motion of iV ;) molecules 
(Avagadros number) is given by 



Sphere ot 
exclusion 


Fig.E 3 .54. Sphere of cxculsion. 
i= ^ x i|t(2r)' = -jA'oltr' 
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In the above equation. Ihe factor 2 is included to avoid counting each pair 

4 , 

twice. The actual volume occupied by A/„ molecules is equal to — No n r . Thus, 

the excluded volume /> is four limes the actual volume occupied by the molecules. 
Therefore, the free volume available for molecular motion is (v - h). 

In the kinetic theory of gases, the ideal gas equation of slate is derived with 
Ihe assumption that there are no intermolecular forces of attraction between the 
molecules. In real gases, such an assumption is not valid since there are forces of 
attraction and repulsion between any pair of molecules.The molecules in the 
interior of the gas are attracted equally in all directions by the surrounding 
molecules and hence they do not experience any net attractive and repulsive 
forces. However, the molecules adjacent to the container wall experience a net 
inward force, since they are attracted by the surrounding molecules on one side 
only. Thcrefore.a molecule adjacent to the container wall exerts less force on the 
wall. Thus, the observed pressure will be less than the pressure the gas would 
have exerted in absence of the attractive forces. The reduction in pressure is 
proportional to the number of molecules per unit volume (NJv) in the layer 
adjacent to the wall and to the number of molecules per unit volume in the next 
layer, which is attracting. Therefore, the reduction in pressure (P- P ) is given by. 

°" >mP +7 

where P is ihe pressure Ihe gas would have exerted in absence of the attractive 
forces. P is the obsers ed pressure, a is a conslanl and a is another constant. If ihe 
corrections for excluded volume and attractive forces are incorporated in the 
ideal gas law, one obtains 

(p + “)( V _ fc)=/fr 

which is known as the Van dcr Waals equation of state. The constants a and b 
appearing in the above equation are called the Van dcr Waals constants and they 
depend on the nature of the gas. 

Kxample 3.55 

Sketch the isotherms for a Van der Waals gas on pressure versus volume 
diagram and explain the significance of the values of volume at T<T C ,T = T c 
and T > T c where T c is the critical temprature. 

Solution : 

The Van der Waals equation of state is cubic in volume and in general it gives 
three values for Ihe volume (vj at a give temperature and pressure. However, for 
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.,ome range of values of P and T it gives only one real value and in some olher 
range of values of P and T. il gives three real values for volume. The isotherms 
of a Van der Waals gas are shown in Ftg.E 3.55. It can be observed from 
Fig.E 3. 55 that alT>T c , there is only one real value for volume. However, at T 
< T ( . it gives three real values v ( ,v ( and v f for volume. It can also be observed 
from Ftg.E 3.55 that at T< T c . (he segment 12 34 5 is not in agreement with the 
experimental observation. The practically realizable variation of volume is 
indicated by the doited line 1-3-5. In segment 2 34, the Van der Waals equation 
shows that the volume increases with increasing pressure at constant temperature 
which is not realistic. It can be shown, based on the stability criteria (which is 
beyond the scope of this book) that the system (gas) is unstable in the region I 2 
3 4 5 and the system should actually follow the dotted straight line path 1-3-5 in 
this region. Hence, the volume v ( which is predicted by the Van der Waals equation 
of state is inadmissible. Of the three real values the smallest value vy represents 
the volume of the liquid phase and the largest value v represents the volume of 
the gas phase. 



Fig.E 3,55. Isotherms of a Van der Waals gas on P-v diagram, 

F.xample 3.56 

A cylinder of 0.01 m' volume is Filled with 0.727 kg of n-octane ( C|H„) at 
427.85 K. Assuming that n - octane obeys the Van der Waals equation of slate, 
calculate the pressure of the gas in the cylinder. The Van der Waals constants a 
and h for n - octane are 3.789 Pa (m-' / mol) J and 2.37 X 10" 4 m Vinol, respectively. 

Solution : 

Molar mass of n — octane (CjH (| ) = 1 14 X I O’ 4 kg / mol 

Quantity of n — octane is the cylinder. 
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0.727 kg = 0 727 , =6.377 mol 

114x10-' 


Molar volume of n-octanc in the cylinder, v * 1 5.68 x 10 1 nv / mol 

6.377 

The Van dcr Waals equation of Male is given by, 


8,314 x 427.85 3.789 

15.68x10-' - 2.37 x I0" 4 <15.68x10')-’ 


= 2. 1 49 MPa 


Example 3.57 

If a cylinder of volume 0. Im’ is filled with 1.373 kg of ammonia at 
1.95 MPa. determine the temperature at which ammonia exist in the cylinder. 
Assume that ammonia obeys the Van der Waals equation of state. The Van dcr 
Waals constants a and b for ammonia arc 422.546 x 10 -l Pa (mV mol) ! and 
37 x 10"* m’ / mol. respectively. 

Solution : 

Molar mass of ammonia (NH,) = 1 7 x 1 0*' kg /mol 

Quantity of ammonia= 1.373 kg = , =80.765 mol 

17x10-’ 

Molar volume of ammonia, v = “~t= 1.238 x 10"' m* / mol 
We know that the Van der Waals equation of state is given by 

(/>+4)(v-/>)=R7- 

substituting the values of P . v . a and b in the above equation, we get 

l.95xll/'+ 422 546X ‘°, | ( l.238xlO-'-37xlO- 6 ) = 8.3l4r 
(I.238X10 ') 2 J 

or T= 321.5 K 

Example 3.58 

Develop iterative scheme for the calculation of volume from a knowledge of 
P and T for the Van der Waals equation of state. 
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Solution : 

Given the value of volume Ihe calculation of P or T for a Van tier Waals 
equation of state is straight forward. However, the calculation of volume from a 
knowledge of P and T is difficult since the Van dcr Waals equation of state is 
cubic in volume. 

To facilitate the calculation of volume from a knowledge of P and T the Van 
dcr Waals equation of state can be rearranged as 


For iterative calculations, the above equation can be written as 


V '*' (P+a/\?)* h 

where v ( = value of the molar volume in rth iteration. 

Vj, , = value of the molar volume in (i + I )th iteration. 

To initate the iterative calculation, when i = o. v 0 can be taken as equal to that 
predicted by the ideal gas law' if one is interested in calculating the gas volume. 
On the other hand, if one is interested in estimating the liquid volume v 0 can be 
taken as equal to b. Subsitute the value of v 0 and the known values of P and T 
to obtain the value ofv ( (the value of volume in the first iteration). Then compare 
v, with v 0 and check w hether they are approximately equal or not. If the difference 
is large, continue the iterative calculation till the values converge or the difference 
(v, . , - v ( ) is less than a preset value. 


Example 3.59 

Assuming that ammonia obeys the Van der Waals equation of state, calculate 
the molar volumes of ammonia vapor and liquid ammonia at 1 .95 MPa and 32 1 .55 
K, The Van der Waals constants a and h for ammonia are 422.546 x 1 0"' Pa 
(m'/mol) 3 and 37 x 10** m'/mol, respectively. 

Solution : 

For iterative calculations, the Van derWaals equation of state can be rewritten 
as 


RT 

P+alvf 


+b 


RT 8,314x321,55 
P 1.95x10^ 


1.3709x10*' m'/mol 
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RT 


P*a! ifi 


1.95x10'’ + 


422.546 x 10" ' 
(1.3709x10-')= 


+ 37x10' 


= 1.2662 x 10-' m'/mol 

Since Ihe value of v, is much different from ihe value of v 0 we shall continue 
the iteiativc calculations. 


RT 

( P+a/r j 2 ) 


8.314x321.55 

,95x1^+ 4 ^ 546 ^ 

(1. 2662x10“')= 


+ 37x10-* 


= 1.2447 x 10-' m'/mol 

The calculated valuer of successive iterations arc as given below : 


Iteration No. 

v, x 10’ 

Iteration No. 

v,x 10’ 


m 3 /mol 


m'/mol 

1 . 

1.2662 

5 

1.2383 

2. 

1.2447 

6 

1.2382 

3. 

1.2397 

7 

1.2382 

4. 

1.2386 



The calculated values of volume 

n Ihe sixth and seventh iterations 

agree with each other. Hence the molar volume of ammonia vapor is 

1.2382 x 10-' m'/mol. 




To calculate the molar volume of liquid ammonia, we take v 0 = b = 37 x 

10"* m V mol The iterative calcuallions can be performed. The calculated values 

of liquid volume for successive iterations 

arc as given below. 


Iteration No. 

v, x I0‘ 

leration No. 

v, x 10* 


m'/mol 


m'/mol 

1 . 

45.607 

5 

55.419 

2. 

50.035 

6 

56.160 

3. 

52.658 

7 

56668 

4. 

54.322 
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The difference in the values of volume in sixth and seventh iterations is 

0.508 x I0"*m'/mol . which is small enough. Hence iterative calculations can be 
terminated and the molar volume of liquid ammonia at these conditions is 56.668 
x 10* mVmol. 

Kxumplc 3.60 

Suppose the experimental P- 1 — 7 data for a substance is known and it is 
desired toobtain the Van dcr Waals constants for that substance. Indicate a method 
of estimating the Van dcr Waals constants from the experimental P-v- T data 
Solution : 

The Van der Waals equation of state is given by 

( P*al\rHv-b) = RT 
This equation can be rearranged as 



The above equation suggests that a plot of P versus T at constant volume 

gives a straight the w ith a slope of | and an intercept {-a/\r ). Hence for 

a known value of v plot P versus T and determine the slope and intercept of the 
resulting straight line. Then, one can evaluate the constants a and h from a 
knowledge of slope and intercept. 

Example 3.61 

Specify the conditions which must be satisfied by every equation of stale. 
Solution : 

Every equation of state must satisfy the following criteria. 

I . The slope of an isotherm on a P versus v diagram must be negative. That 

' S ( T" ) < ° ln olher wordN ,he ' solhermal compressibility. 



2. It should reduce to the ideal gas law . Pv = KT as P -> 0 

3. At the critical point, the critical isotherm must exhibit a point of inflexion. 
Stated mathematically. 
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where T c is the critical temperature. 


Kxumple 3.62 

The constunts of any two parameter equation of state can he determined 
from a knowledge of the critical constants - critical temperature T c and critical 
pressure P ( . . Develop the necessary relations for estimating in Van der Waals 
constants in terms of P c and T c . 

Solution : 

It is known that every equation of state must satisfy the following condition. 
The critical isotherm must exhibit a point of inflexian at the critical point. That 
is. it should satisfy the conditions 



M) 



The Van der Waals equation of state can be wrilten as. P =- — - - 


Therefore { ^_ b f ^ 



RT. 



OfM* 


f— 1 = 

2 RT, 

60 -n 

M, r 

iv c -bt' 

7 ° 

2RT, 

6 a 


(v c -h)' 

v c 



At the critical point, the \hn der Waals equation of state is written as 
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Where v t . is the critical volume. 
Dividing Eqn (F) with Eqn (0) we get 



Substitute the value of i- c in Eqn* (0) and (G) to obtain 


T c 


8« 

27 Rb 


(H) 

(/) 


P .XT, “ _ " 

c 2h 9b 1 71b 1 


U) 


Therefore, one can estimate the values of P c . T c and v c from a knowledge 
of the Van der Walls constants, by making use of the Eqns. {H)-(J). Alternatively, 
one can determine the constants a and b from a knowledge of P c and T c Eqn (/) 
can be rearranged as 


21RT,b 


(AO 


Similarly Eqn (/) can be re-arranged as a = UPf-b 2 (Z.) 

From Eqns (AO and (L), we get 



From Eqns (AO and (Af) we get 


(M) 


a = 


27*V 
64 P c 


( N ) 


These Eqns. (iW) and (iV) express the Van der Waals constants in terms of the 
critical constant T c the P c 


Example 3.63 

The Van der Waals constants a and b for ammonia are 422.546 x 1 0' J Pa (m 1 
/ mol) 2 and 37 x Iff® m'/mol. respectively. Determine the values of /’,. and T c 
for ammonia. 

Solution : 


P,. = , and T r = - ^ . Therefore. 

C llh 2 C 


21 Rh 


We know that 
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J2Z54^ =lu32Mpa 
c 27x(37xlO-*) J 

8X421546X.0-; =40699( 
c 27x8.314x37x10'® 


Example 3.64 

Estimate Ihc Van dcr Waals constants for ethane (C,H (i ) and Freon - 1 2 
(Dichloro dilluoro melhaine CCIjFj ) assuming that the critical constants of the 
substances are known. 

Solution : 

The critical constants of some selected substances are presented in Appendix 
- 4. From Appendix - 4. we read the following data 


Substance 

r c (Ki 

P c (bar) 

Ethane (C,H 6 ) 

305.43 

48.84 

Feron-1 2 (CCI,F,) 

384.70 

40.12 


We know that, for a Van der Waals gas, the constants are given by 


27 ifri . , RT C 


Substituting the values of T c and P c in the above equations we get 

27x(8.3l4 x 305.43) 3 ,, 

‘' ,C -' H ® ,= 64x48.84x10' - = °- 557 ^ /m0 '’ 

MC'H t ) ■ 8 3 ' 4 X ^ ^ = 64.99 x I O' 6 m 1 / mol 
8x48.84x10' 


a (CCL,Fj) = 


27x(8.314 x 384,70) ; 
64 x 40.12x10 s 


= 1.0757 Pa(m'/mol) J 


MCCIj/F 2 ) 


8314 x 384.70 
8x40.12x10 s 


99.651 x lO- 


rn'' / mol 
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Example 3.65 

The Benhelot equation of state is given by 




l/>+ _l (v _ fc)=R7 - 

where a and b arc characteristic of the gas. Develop necessary relations to 
determine the parameters a and b in terms of the critical constants T c and P Q . 
Solution : 

The Berthelot equation of state is rewritten as. 

Ps J*L-JL 

v-b Tv* 

We know that the critical isotherm must show a point of inflexion at the 
critical point. Therefore, 


2 a 

W 


(dP) RT C 2 a „ RT 

— = ^r + r = 0 or = 

V )j c ( v c -b f T c v c (v c ~b) 2 


fit) «2_-o or 2RT < --*L. 

<v c -b)’ T c v c * (v c -by' T c v c * 




At the critical point the equation of state gives 

RT C a 
v c -b T c v c 2 
Dividing Hqn <B) with Eqn (A) we get 
2 3 

vc-b" _ 

substitute Eqn (D) in Eqn (A) to get 


or v_ = 3 b 


RT C 


2a 


M? " 27 Tc* 5 

Substitute Eqn. (D) in Eqn (O to get 


27RT,-b 


RT C 27 RTtb 


(A) 


( B ) 


<o 


(D) 


(£) 


(F) 


Substituting Eqn (F) in Eqn (£) we obtain 
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21RrTc 
" 64P r 


( G> 


The parameters a and b can be calculated from Eqns. (F) and (G) with a 
knowledge of the critical constant T r and P c . 


Example 3.66 

The Dicterici equation of state is given by 

where a and It arc characteristic of the gas. Determine the relations to estimate n 
and b in terms of the critical constants T c and P c . 

Solution : 

The Dicterci equation of state is given by. 


P = (v — B)e.rp 



or ln/’ + ln(v-fe) + -^- = In (RT) 
RTv 

dP dv adv adT _ itT 
P + v-b RTv 2 RT 2 v ~ T 



Dividing Eqn <fl) with Eqn ( A ) we get 
*C=2b 


Ml 

(») 

(O 
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From Eqns 1 / 1 ) and (C) we gel 
a = 4KbT c 

Al Ihe critical point, the equation of state gives 


Pc(Vc - b>eXP (*^) = * T ' 


c v c -b 


’(*r c v c; 


Subsliluling Eqns (O and (D) in Eqn (£). wc gel 

DT, 

P c =-£-txp(- 2) or 

h=^£-«p(-2) 

F C 

RT r 


(D) 


<£> 


(F) 


a = 4RbT c = 0.54 1 341 


(C) 


The values of constants a and b can be estimated by making use of the Eqns. 
(F) and (C). 


Example 3.67 

Derive relations for estimating the coefficient of thermal expansion (1 and 
ihe coefficient of isothermal compressibility K for (a) an ideal gas and (f>) a Van 
der Waals gas. 

Solution : 

(a) The ideal gas equation of stale is given by 
RT 

Pv = RT or v-— 


(dv^ R . fav") _-RT 

Therefore [a r J, _ P UpJ r P 2 
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Hence 



p 


( b ) The Van der Waals equation of Male is given by 


Therefore, 


P = 


RT a 

v-b v 2 


or 


dP = 


RdT 

v-b 


RTdv ladv 
(v-b) 2 + >•’ 


RdT RT 2a] , 

= e r dv at constant P 

V-b (V-b) 2 v'J 


fjM fl I ftuV-b) 

0f l dT j p v-bT RT 2a 1 RTv'-2a(v-b) 2 

.(v-b) 3 v 5 . 


( A) 


Hence P- 

From Eqn. (A), we get 


RyrCv-b) 

vl3rj p RT^-Mv-hf 


dP = -\ dv 

I (v-b) 3 v' 


(at constant T) 


or 


Hence 


— ) = y*(v-b) 3 

BPJt RTv' -My-b) 1 

K - zi( v^v-b) 2 

K_ v Upir /trv'-Zofv-b) 2 


Example 3.68 

State the Redlich - Kwong (RK) equation of state. 
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Solution : 

The Redlich - Kwong (RK) equation of state is in wide use and is given by. 


P = 


RT a 
(v-6) .<.•+*) 


where u and b arc characteristic of a gas . The parameters a and li can he related to 
the critical constants T c and P c by making use of the fact that the critical isotherm 
shows a point of inflexion at the critical point. 


Example 3.69 

State the Peng - Robinson (PR) equation of state. 

Solution : 

The Peng - Robinson (PR) equation of state is widely used for predicting 
the thcrodynamic properties of hydrocarbons. The PR equation of state is given 
by 


P = 


RT a 

v-b Yiv+b)+b{v-b) 


where the parameters a and b arc characteristic of a gas. 


Example 3.70 

State the Virial equation of state and explain the meaning of the constants 
appearing in that equation of state. 

Solution : 

In 1901 Kamerlingh Onnes suggested the virial equation of state which is 
expressed as a power series in reciprocal volumes. The Leiden form ( it is called 
to since it originated from the University of Leiden) or the pressure explicit form 
of the virial equation of state is given by 


Pv 

RT~ 




where B. C. D. etc. are known as second virial coefficient, third virial coefficient, 
fourth virial coefficient etc.Thc term virial comes from the Latin wonJ vis meaning 
force. Thus the virial coefficients take into account the interaction forces between 
the molecules. The virial coefficients express the deviation from ideal gas behavior 
and they depend on the nature the gas and temperature only. The second virial 
coefficient takes into account two body interactions and the third virial coefficient 
takes into account three body interactions etc. The advantage of the virial equation 
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of slate is lhat il can be made to represem the experimental P-v-T dala more 
accurately by increasing the number of terms in the power series depending on 
the complexity of the substance. 


Example 3.71 

Is there another form of the virial equation of state ? If so state the other form 
of the virial equation of sate. 

Solution : 

The virial equation of state is sometimes expressed as a power series in the 
pressure as 

l + B'B + C'/^ + D'P'-t 

where B”. C, O' etc. are called virial coefficients which depend on the nature of 
the substance and temperature only. This equation is called the Berlin form or the 
volume explicit virial equation of slate. 


Example 3.72 

Are the virial coefficient B 1 . C. D' of the Berlin form or volume explicit 
form related to the virial coefficient B.CJ) of the Leiden form or the pressure 
explicit form ? If so derive the necessary relations. 

Solution : 

The virial coefficients fl'. C. O' arc related to the virial coefficients B. C. T) 
of the pressure explicit virial equation of state. 

The pressure explicit virial equation is given by 


Pv 

RT 


. B C 0 

l + — + -7 + -T+. 
V V s v' 


p= 


RT BRT CRT DRT 
“ + — + — - 

The volume explicit virial equation of state is given by 
Pv 


RT 


I + B , r+c , p 1 + D-p' + . 


„ RT B'PRT C'f^RT D'P'RT 

P= + + + + (B) 


Substitute Eqn (A) in Eqn (B) to get 
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r RT t B'RT ^RT | BRT | CRT | DR T f j 

. CRT \RT . BRT . CRT DRT f 

V L V V 2 v' V 4 J 


O'RT ^RT RRT CRT DRT 
v v v 2 v' v 4 


(C) 


Now, wc find lhal both Kqns (A) and (O ore expressed as power scries is 
reciprocal volumes. Comparing the like terms wc get the following results. 


Terms of -r gives 


BRT B'(RT) 2 
v 2 ” i- 2 


r I CRT B-fif/fD 2 . C‘(RT)' 

Terms of — r gives : — r— = ; + ^ — 

v V' v v 

C= BBRT +C(RT ) ! = B 2 + C(RT) 2 


I RT) 2 

(4j 8 ives • 

DRT 8" C( RT) 2 2BC(RT )’ D’(RT) 1 


BCRT + me- fl 2 )RT + D^RT)* 

D-3BC+2B* 

(BT? 


Example 3.73 

Determine the molar volume of n - butane at 500 K and 8 MPa by making 
use of (a) the ideal gas law and (h) the virial equation of slate. The virial 
coefficients of n - butane are given by 
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B = - 0.265 x 10 ' m' / mol and C = 0.3025 x I0" 1 in 6 / mol 2 


Solution : 

(a) The Ideal gas equation of slate gives 


_ RT 
P 


8.314x500 

8 x 10 * 


= 0.5l96xl0' 5 nv’/mol 


(fc| The virial equation of state is given by 


Pv , B C 

RT ,■ V 


M) 


This virial equation of state is pressure explicit and hence it is easier to 
calculate P if v is given. On the otherhand to calculate v from a knowledge 
of P it is necessary to solve the equation by trial and error. Let us assume 
v = 0.2 19 x 10"' mVmol and check whether equation 1/3) is satisfied or not. 


L.H.S of Eqn (4) gives : 


Pv _ 8x10^x0.219x10--’ 
RT 8.314x500 


= 0.4215 


B C 

R.H.S of Eqn 04) gives = 1 + — + — 
v 


...oagxur* 0302SX i<r 7 4206 

0.219x10-' (0.2l9xl0-') : 

The L. H. S and R . H . S of Eqn. (4) differs in the third decimal place only 
and hence we can say that Eqn. (4) is satisfied. 

Therefore. v = 0.2l9x lO-'m’/mol 


Example 3.74 

Define the terms reduced temperature, reduced pressure and reduced volume. 
Solution : 

The reduced temperature of a substance is defined as the ratio of the 
temperature of the substance to its critical temperature. That is. 

Reduced temperature T t = 77 7",. . 

Similarly reduced pressure P t = P/P c 
Reduced volume v_ = v / v c 

Example 3.75 

Show that for all substances which obey the Van der Waals equation of state. 
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P( V C _ 

RT C ~ 


0.375 


Solution : 

We know ilial for n Van der waals gas 


v c = Sh and 



Therefore 


6 = 


^c_KTr_ 
3 8 P c 


or 


RT C 


r 0375 


Example 3.76 

Express Ihe Van der Waals equation of state in terms of reduced parameters 
or 


Deduce the reduced equation of state. 

Solution : 

We know that Ihe Van der Waals equation of state is given by 


IP*a/v 1 )(v-b) = RT 

IA) 

and Ihe Van der Waals constants are given by 


27^ 

IB) 


64/> c 

and 

(O 


Substituting Eqns. IB) and (O in Eqn ( A), we get 



Expressing P.v and T in terms of the reduced parameters Eqn. ID) becomes 
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(3 


«ZcYT 

or (fi 

T c ^ ' Mk 

Pc'J } 


We also know ihat for a Van dcr Waals gas 

v c = 3fc 

From Eqns (O and (F). wc get 

8 P c RT C 8 

Substituling Eqn. (C) in Eqn (£) we gel, 

^(/; + 3/v r 2 Xv,-^) = r, 


fc =f = 


(■ E ) 

(F) 

(C) 


or (/>, + 3/v 2 X3v,-l) = 8r, (Hj 

The Eqn (W) contains only reduced paramclers and is called the reduced 
equation of state. 


Example 3.77 

State the law of corresponding states. 

Solution : 

The Van der Waals equation when expressed in reduced parameters gives 
(P, + 3 / v/ )l 3 v,- I ) = 8 T t . This equations does not contain any constants 
which are characteristic of individual gases. This equation is true for all fluids 
which obey the Van der Waals equation of state and leads to the law of two 
parameter corresponding states. The law of corresponding states tells that all 
fluids when considered at the same values of reduced temperature and reduced 
pressure will have the same value of reduced volume. That is all fluids having 
the same value of T, and P r are said to be in corresponding states. 

Example 3.78 

Define the compressibility factor and explain its significance. 

Solution : 

The compressibility factor Z is defined as the ratio of the actual volume to 
the volume predicted by the ideal gas law at the same temperature and pressure. 
That is. 
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Actual volume 

Volume predicted by the ideal gas 

_ v Pv 

or z~ „ . ~ - — 

RTIP RT 

For an ideal gas Z= lat all temperatures and pressures. For a real gas 7. can 
be different from unity. The value of Z indictates the exlent of deviation from the 
ideal gas law. 


Kxamplc 3.79 

Express the Van der Waals equation of state in terms of the compressibility 
factor, reduced temperature and reduced pressure. 

Solution : 

The Van der Waals equation of state is given by 

(P+u/v : X‘'-fc) = *r (A) 

and the parameters a and b are given by 


YlbrT} 
“ (AP C 


(B) 


b = 


RT C 

8 Pc 


We also know that 


(O 

(D) 


substituting Eqns (fl) - (D) in Eqn (A) and expressing it in terms of reduced 
parameters, we get 



(£) 


Eqn (£) expresses the compressibility factor Z for a Van der Waals gas in 
terms of reduced temperature and reduced pressure. 
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Example 3.80 

What conclusions can be drawn from the generalized reduced equation of 
state which is given below 



Solution : 


The given reduced equation of stale is of the form Z=Z(T t ,P r ) and tells that 
all fluids when considered at (he same values of T t and P, will have the same 
compressibility factor. 


Note The Min tier Wauls equation of state predicts that the critical compressibility 

factor Z c which is defined as 



is 0.375 for all fluids. A dose look at the values of Z c given in Appendix-4 shows 
that Z c varies from 0.23 to 0.31. Therefore, the Van der Waals equation of state 
is not very accurate for predicting the P-v-T behavior of fluids. However, it 
leads to an important conclusion that Z=Z I Tf^. The generalized compressibility 
chart has been developed based on this conclusion. 

Example 3.81 

There are two broad regions in the generalized compressibility chart. In one 
region Z < I and in the other Z > I . Name the important factors which are likely 
to play a dominant role in these regions. 

Solution : 


When Z < I . the pressure exerted by the gas is P = v . This value of 

pressure is less than the pressure exerted by an ideal gas ^ /’ = -^ j . That is the 

actual gas pressure is less than the ideal gas pressure. In other words, there is a 
reduction in pressure and this can be caused by intcrmolecular attractive forces. 
Therefore, in the region where Z < I . the intcrmoleculor forces of attraction play 
a dominant role. 
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In (he region where Z> 1, the volume occupied by (he gas is ^v = — — J 

This value of volume occupied by (he actual gas is greater than the volume 

occupied by the ideal gas ^ v = j . That is, the actual volume occupied by the 

gas is the sum of the volume occupied by the molecules and the volume available 
for free molecular motion (which is the ideal gas volume). Hence in the region in 
which Z > I , the volume occupied by the molecules plays a dominant role. 


Example 3.82 

Is it necessary to incorporate any additional correction while using the 
generalized compressibility chart ? 

Solution : 

It has been observed that the gases — hydrogen, helium and neon do not 
correlate very well on a generalized compressibility chart. This difficulty can be 
overcome, at temperatures above 50 K, by redefining the reduced pressure and 
reduced temperature for these three gases as given below. 


P r = 


P 

P c + 8 


and T,= 


T 

T c + 8 


where P is in atmospheres and T is in kelvin. 


Example 3.83 

Calculate the molar volume of methane (CH 4 ) at 209.77 K and 69.62 bar, 
using the generalized compressibility chart. 

Solution : 

The generalized compressibility chart is presented in Appendix - 5 which 
can be used in analyzing this problem. The critical constants for methane are 
read from Appendix - 4 

T c - 190.70 K and P c = 46.41 bar 



69.62 
46.41 ‘ 

At T, = 1.1 and P, = 1.5, read the value of Z = 0.48 from the compressibility 
chart given in Appendix - 5 as shown in Fig-E 3.83. 
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Then 


_ ZRT _ 0.48 x 8.314 x 209.77 
P 69.62x10 s 

= 0.1202 x 10-' m'/mol 



Fig.E 3.83. Sketch for Example 3.83. 


Example 3.84 

Calculale Ihe specific volume of sleam at 500°C and 300 bar using (<t) Ihe 
ideal gas law (/>) generalized comprcssibilily chan and (c) steam tables. 
Solution : 

(a) We know that the ideal gas equation of state gives 

RT 8.314 x 773.15 ,, . 

v=— = r— = 0.2143x10 m’/mol 

P 300x10 s 


0.2l43x IQ"' 
18x10-’ 


= 0.0119 m'/kg 


(Molar mass of water = I8x 10"’ kg/mol) 

(6) The critical constants for water are (see Appendix - 4) given by 
T c = 647.30 K and P f = 22 1 .20 bar 


T = 


T 773.15 
T c 647. 


P 300 
P c 221. 


Therefore. 
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Fig.E 3.84. Sketch for Example 3.84. 


At T r = 1.19 and P, = 1 .36. read the value of Z = 0.7 as shown in Fig.E 3.84. 


There 


ZRT 

P 


0.7 x 8.314 x 773.15 
300 x I0 S 


= 0.145 x 10"' m’ /mol 


0.145x10"' 

18 x 10 "' 


= 0.0081 m’ /kg 


(c) From the superheated steam tables ( see Appendix -3 ) at f = 500°C and 
P = 300 bar read v = 0.008 68 1 mV kg 


Example 3.85 

One kmol of methane is stored in a rigid vessel of volume 0.6 m' at 20°C. 
Determine the pressure developed by the gas by making use of the compressibility 
chart. 


Solution : 

The critical constants of methane ( see Appendix - 4 ) are 
T c = 190.70 K and / , ( . = 46 4l bar 

T, _ 293.15 . 

' T r 190.70 ‘ 


= 1.537 


To calculate the pressure developed by the gas. we should first determine the 
value of the compressibility factor Z. which requires a knowledge of T : and P r 
However, P r cannot be calculated which requires a knowledge of /’, the property 
we are supposed to estimate. Therefore, the following method may be adopted to 
evaluate Z and P. 
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P=P!P C or P=P C P,= 46.41 xl0V r 


, Py _ 46.41 X|Q > P,(0.6) (1> 

nKT ~ I x I0 1 x 8.3 14x293. 15 ' ' 

Eqn. (A) shows that ihc gas satisfies the relation Z = 1 .1425 P, Hence, (he 
stale of (he gas must lie on a slraighl line passing through the origin anil having a 
slope of 1 . 1 425 on Z vessus P, chart. More over, the slate of the gas must satisfy 
the condition that T t = 1 .537. Therefore, draw a straight line passing through the 
origin and with slope 1.1425 on the compressibility chart and locate the 
intersection of this line with T r = 1 .537 as shown in Fig.E 3.85. 



Fig.E 3.85. Sketch for Emunplc 3.85. 


Read 7. = 0.93 at the point of intersection. 


Then P 


nZRT 

V 


lx IO’ xO. 93x8.314x293. 15 

3.778 MPa 

0.6 


Example 3.86 

Freon - 12 for charging domestic refrigerators is usually sold in small 
cylinders of volume 3 litres. Determine the mass of Freon - 1 2 (CC I ,F ; ) contained 
in one such cylinder at 10 MPa and 450 K. 

Solution : 

The critical constants of Freon -12 (CCIjF,) arc 
T c = 384.7 K = 40. 1 2 bar 



ENGINEERING THERMODYNAMICS THROUGH EXAMPLES 


130 


= T _ 430 
T c ' 384. 


P,= 


P . IQxltf 1 
P c 40.12x10 s 


= 2.49 


Al T r = 1,17 and P r - 2.49 read 7. = 0.5 from ihe compressibility chart as 
shown in Fig.E 3.86. 


Then 


n = 


PV 

ZRT 


IQx IQ 6 x3x I0~' 
0.5x8.314x450 


= 16.037 mol 


or mass of Freon -12 = 16.037 x 121 x I0~ J = 1.941 kg ( molar mass of CCI F 2 
= 121 x 10-' kg /mol). 



Fig.E 3.86. Sketch for Example 3.86. 


Example 3.87 

Ethane (C 2 H 6 ) gas is held al 351 .2 K and 58.61 bar in a rigid cylinder and 
left in ihe vicinity of a furnace. After some time it is found that the gas pressure 
in the cylinder reached a value of 68.38 bar. Determine the temperature of the 
gas in the cylinder. 

Solution : 

The critical constants of C ? H 6 are 

T c = 305 43 K ; P c = 48.84 bar 
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Initial values of the reduced parameters are 




351.2 


P = IU2^i = l 2 

'< P c 48.84 

From Ihc compressibility chan read Z, - 0.59 at /*,,= 1.2 and T rt = 1.15. 
Then 


/.,RT, 0.59x8.314x351.2 , , ,, , 

V°- = 0.2939 x 10 1 m’/mol 


Since the gas is contained in a rigid cylinder, the quantity as well as volume 
of the cylinder remain unchanged. Therefore. Ihc molar volume (i\) in the final 
slate is the same as the initial molar volume (v,). 

v, = v, = 0.2939 a I0~ 3 mVmol 
Final values of the reduced parameters are 


A 68.38 
F, ‘~ P c 48.84 


= 1.4 


_ Av, 68.38X 10 5 x 0 2939 x |0~ 3 0.7914 

RT. 8.3l4 x 305.43T r2 ~ T tl 

or Z;7> 0.7914 (A) 

The compressibility chart is a plot of Z versus P with T f as a parameter and 
hence Eqn. (4) cannot be directly plotted on the compressibility chart to evaluate 
the values ofZ, and 7), , Hence a trial and error procedure ns indicated below can 
be adopted to determine Z } and 7~, ; . 

We know that the state of the gas should lie on the line P l2 = 1 .4. Therefore, 
we read the following values at P r! = 1 .4 

7^ = 1.18 : Z 2 = 0.665 ; Z, T tl = 0.7729 

7;= 1.2 ;Z,= 0.685 ;Zj 7^ = 0.822 

Since the required value of Z, 7^ must be equal to 0.79 1 4. T„ lies in between 
I.l8and 1.2. We read at />,,= 1.4 
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T^= 1.19 ; Zj= 0.665 ; Z 2 7^=0.7914 
Hence Ihe final value of = 1.19 
or r,= 305.43 T r2 = 305.43 x 1.19 = 363.46 K 

Therefore, final temperature of gas in Ihe cylinders 363.46 K 


Example 3.88 

Propane ( C,H, ) initially at 388.4 K and 63.855 bar is heated al constant 
pressure till the temperature reaches 425.4 K. Calculate the change in the specific 
volume (m 1 /kg) using (a) the ideal gas law and (b) the compressibility chart 
Solution : 

( a ) Molar mass of propane ( C,H„J = 44 x 10“-' kg/mol. 


Initial molar volume. 



Final molar volume. v 2 


RT, RT, 

ft ft, 


(Since P 2 = P,) 


R.-r T-, 8.314(425.4 - 388.4) 

Change in molar volumes -—(/■> — lit- : 

* ^ 63.855x10' 


= junjvtir' m'/ 


Change in specific volume = — = 1.0949 x I O'' m'/kg 

(b) The critical constants (see Appendix - 4) of propane are T c - 369.9 K 
P c = 42.57 bar. 


T„’ 
ft,» = 


7; _ 388.4 _ 
T c ~ 369.9 
P, _ 63 855 


From the compressiblity chart read Z, = 0.32 at T rl 

ft ,2 = ft „='5 

(Since the gas in maintained at constant pressure) 


= i = ±“d = i 

T c 369. 


1.05 and P„= 1.5. 
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Now read Z, = 0.59 at A* ( ,= 1.5 and T„ = 1.15 from the impressibility chart. 


v _ A^T Lmly _ ?2 RT 2 


( P, = P. as P is held constant ) 


Change in molar volumi. (v* 2 - v,) = — (Z 2 T : -ZJ t ) 


1^^,0.59 X 425.4 - 0.32 X 388.4, 


Change in specific volume = 


= I.6496XI0" 4 m'/mol 
1.6496x10 ‘ 


44x10 


— =3.851 x 10-’ rn'/kg 


Example 3.89 

A dewar flask is filled 10 one half of its volume with liquid nitrogen at its 
normal boiling point 77 K. The molar volume of liquid nitrogen at these conditions 
is 34.7 x I m'/mol. The flask is scaled and left in a corridor. After some time 
if the temperature of the flask rises to 328. 1 K. determine the pressure developed 
by the nitrogen in the flask. 

Solution : 

Let V- volume of dewar flask 


VI 2 

Quantity of liquid nitrogen = mol 

A small quantity of nitrogen vapor occupies the volume 172, which may be 
neglected. 

V 

Final molar volume of nitrogen = x ^ 7 x 1 0 ~ ^ ~ ) = x * m ^ m0 ' 

The critical constants of nitrogen (see Appendix - 4) ate T c = 126 .2 K and 
P c = 33.94 bar. In the final state 


T = 

15 T c 126.2 


= 2.6 
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/*„= or ft = P C P, : a 33.94 x 10'P„ 

ftv, 33.94xl0*(ft, ; >69.4x10-* 

Z -‘ RT ; 8.314 x 328.1 

= 0.0863 />, (-4) 

Rqn (4) represents a straight line passing through the origin and having a 
slope of 0.0863 on the compressibility chart. 



Fig.E 3.89. Sketch for Example for 3.89. 


Find the intersection of the line Z = 0.0863 P^ with the curve T = 2.6 on the 
compressibility chart as shown in FigE.3.89 and read Z 2 = 1 .32 and ft, - 15.3. 
Then P, = 33.94 x 10' ft. = 33.94 x lO'x 15.3 = 51 .928 MPa 
Hence, the pressure developed in the flask is 5 1 .928 MPa 

Example 3.90 

The industrial gas cylinders are color coded to assure that the gases arc filled 
in the correct cylinders only. Accidentally a nitrogen cylinder is filled with ethylene 
(C 2 H 4 ) al 80 bar and 3 1 1 .4 K. Had the cylinder been filled with nitrogen under 
identical conditions, it contains 7 kg nitrogen. Estimate the mass of ethylene 
filled in the cylinder. 

Solution : 

The critical constants (see Appendix - 4) of nitrogen and ethylene arc 
T Chi = 126.2 K ; P Ch> = 33.94 bar 

T = 283.1K ; ft- 51.17 bar 
•crH, 
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P,. 


Read Z N , =0.98 al P = 2.357 1 and 7^ = 2.4675 from Ihc compressibility 




‘ 'C c 

Read Zq , Hj = 0.47 at P^ = 1 .5634 and 7^ = 1.1 from the compressibility 
chart. Let V = volume of cylinder 


«Nj = 


PV 

Zx.PT ’ 


"c.h 4 = 


PV 

Zc.»PT 


^ 2 H i = 
"N; 


A.. _ 0.98 

Zcm, ”0 47 


Molar mass of nitrogen = 28 x I0~ J kg/mol. Molar mass of CjH 4 = 28 X|0"' 
kg/ mol. Since the molar masses of N, and C 2 H 4 are the same, we get 


Mass of C;H, 
Mass of N 2 


^ 4 = 2.0851 

"N, 


Hence the mass of ethylene in the cylinder = 2.0851 x 7 = 14.596 kg. 


Example 3.91 

What accuracy can be expected in the predicted values of P,v and /' if one 
uses the generalized compressiblity chart ? 

Solution : 

The generalized compressibility chart predicts the volumetric data within 5 
percent error for non-polar gases and slightly polar gases. However, the deviations 
arc very large for highly polar gases and hence this chart cannot be used for 
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polar gases. Ii can be observed from Ihe compressibility chan (see Appendix- 5) 
lhat ihe critical compressibility factor Z c . that is Z at P r = I and T r = 1 is 0.3 
whereas the experimental values range from 0.23 to 0.3 1 . This indicates that the 
generalized comprcssibiity chan is necessarily not accurate in predicting the 
volumetric data. It can be used to obtain approximate values only and never as a 
substitute for experimental P-v-T data. More over the three gases hydrogen, 
helium and neon do not correlate very well on the compressibility chart. 
To determine the compressibility factor of these three gases . it is necessary to 
redefine the reduced temperature and reduced pressure by using the following 
relations 


Where T is in kclvin P is in atmospheres. 


Example 3.92 

Define the acentric factor (G>). 

Solution : 

The acentric factor (to), is defined as 

“»=- |0 ?IO P ,‘ l Tr.0.7-1 

where P’ is the reduced saturation pressure. The acentric factor is defined such 
that its value is equal to zero for the spherical molecules argon, krypton and 
xenon. The acentric factor is a measure of deviation of the intermolecular potential 
of the molecule from that of a spherical molecule.. 


Example 3.93 

State the three parameter law of corrcsponoing states. 

Solution : 

The three parameter law of corresponding states tells that all fluid- 
having the same values of P, T, and to will have the same value of the 
compressibility factor Z and they arc said to be in corresponding states. In other 
words Z-Z(T l .P r <a) 


Pitzer and co workers have developed the generalized compressibility charts 
based on the three parameter law of corresponding states. The discussion on the 
modified compressibility chart is not included in here as it is beyond the scope of 
the present book. 
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First Law Of Thermodynamics and its 
Applications 


Example 4.1 

Whai Is mean! by cyclic change.? 

Solution : 

If a thermodynamic system undergoes a process or a combination of processes, 
as a result of which the system is restored to its initial state then the system is 
said to have undergone a cyclic change. 


Example 4.2 

Describe the classic paddle wheel experiment performed by Joule ? What 
conclusion was drawn based on the experimental observations ? 

Solution : 

Joule carried out a series of experiments during 1 843 and 1 848. Of the several 
experiments conducted by Joule, the paddle wheel experiment described below 
is considered as a classic. In the paddle wheel experiment a known quantity of 
liquid is taken in a rigid and well insulted container. The container was provided 
with a thermometer and a paddle wheel. The initial temperature of the liquid 
was measured. The paddle wheel was made to rotate by lowering the mass m 
which is tied to a string and the string was wound on the paddle wheel as shown 
in Eig.E 4.2. While lowering the mass m through a distance /. work was done on 
the liquid (which is the system) and the amount of w ork done on the system was 
measured. Then the system has reached a different slate and the temperature of 
the liquid was noted. Then the insulation surrounding the container was removed 
and the container was placed in a water bath. The water bath was provided with 
another thermometer. A known quantity of water at a known temperature was 
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taken in the water bath. The container wan placed in the water bath till the 
temperature of the liquid in the container wan restored to the initial value. Then 
the rise in the temperature of the water bath wan measured. Knowing the change 
in the temperature of the water bath, the amount of energy transferred as heat 
from the system to the surroundings (the water bath) was estimated. In this 
experiment the system, the liquid contained in the container, was restored to its 
initial state. In other words, the system has undergone a cyclic change. As a 
result of this experiment Joule found that the work done on the system is equal to 
the energy transferred as heat from the system. 




Fig.E 4.2. Schematic arrangement of poddlc wheel experiment. 


Joule carried out several experiments involving different types of work 
interaction. Based on these experimental results Joule found that the net work 
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done on the system is exactly equal to the net heat interaction, irrespective of the 
type of work interaction, the rate at which work was done and the method 
employed for transferring the energy in the form of heal from the system. That is 
fdQ = fdW 
From system on system 
or fdQ - jdW = 0 

From system on system 

where j denotes the integral over a cycle. 

F.xample 4.3 

Specify the most widely used sign convention for work and heat interaction. 

Solution : 

The sign convention for work and heat interactions is quite arbitrary. The 
widely used sign convention is shown in Fig.H 4.3. The work done by a system 
on the surroundings is treated as a positive quantity. Similarly, the energy 
transferred as heat to a system from the surroundings is also treated as a positive 
quantity. 




0 is positive 

W is negative 

1 

^ Co. 

r 



W- oya 





r O is negative 


W Is positive 


Fig.E 4.3. Sign convention for work and heat interaction. 


Example 4.4 

State the first law of thermodynamics. 
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Solution : 

The firm law of thermodynamics males lhai whenever a system undergoes a 
cyclic change, however complex the cycle may be, the algebraic sum of the work 
interactions is equal to the algebraic sum of the heat interactions. Thai is 
jdQ - jdW=0 
From system On system 

By introducing the sign convention for work and heat interaclions.thc above 
equation reduces to 

- jdQ - ji-dW) = jdQ -jdW* 0 
or jtdQ - dW) = 0 


Example 4.5 

Is the first law of thermodynamics applicable to irreversible processes ? 
Solution : 


The first law of thermodynamics is applicable to all types of processes- 
reversible as well as irreversible. 


Example 4.6 

State the important consequences of the first law of thermodynamics. 
Solution : 

The first law of thermodynamics leads to the following important 
consequences. 

1 . Heat interaction is a path function. 

2. Energy is a property of a thermodynamic system. 

3. The energy of an isolated system is conserved. 

4. A perpetual motion machine of the first kind is impossible. 

Example 4.7 

Show that the first law of thermodynamics leads to the fact that heat 
interaction is a path function. 

Solution : 

Suppose a system follows the path I -a -2 in reaching the final state 2 starting 
from the initial state I . Then the system can be restored to the initial state I cither 
by the path 2bl of2cl as shown in Rg.E4.7.Then the combination of the processes 
leads to two different cycles, namely I a 2b I and I a2c I . Applying the first law of 
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thermodynamics lo the cycles Ia2bl and Ia2cl. we gel 

j,IQ+ j dQ- fdW- J,/lV = 0 M) 

ia: :w ia2 :m 

j </(?+ | dQ- J dW- j ilW = 0 l/ll 

la: 2c I Ia2 2d 

Subtracting Eqn. [B) from Kqn. (A), we get 

| dQ- j dQ- j dW - J i/VV = 0 (O 

2bl 2d 2a I 2d 



Fig.E 4.7. Two reversible cycles I -a-2-b- 1 and l-a-2-c-l on P versus V diagram. 

Wc know that work interaction is a path function and fdW represents the 
area under the P-V curve. Hence 

j dW - J dW * 0 (O) 

2bl 2d 

From Eqns.(C') and (I)), we gel 
| dQ- j dQ * 0 or f dQ* jdQ 

2bl 2d 2M 2d 

That is. the heat interaction along the path 2b I is different from the heat 
interaction along the path 2c I .Thus, heat interaction depends on the path followed 
by a system and heat interaction is a path function. It is not a point function and 
hence its differential is not exact. Heat interaction is not a property of a 
thermodynamic system. 
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Example 4.8 

Show lhal the first law of thermodynamics leads to the consequence that 
energy is a property of a thermodynamic system. 

Solution : 

Consider the two reversible cycles Ia2bl and Ia2cl shown in Fig.E 4.7. 
Application of the first law of thermodynamic to both the cycles Ia2bl and Ia2cl 
we get 

jdQ* jdQ- \dW- jdW = 0 (A) 

Ia2 2bl Ia2 2bl 

jdQ* jdQ- jdW-fdW-0 («) 

Ia2 2c I U2 2cl 

Subtracting Eqn.(fl) from Eqn.(A), wc get 

J dQ- j dQ- j dW+ jdW = 0 

2M 2cl 2bl 2cl 

or f (dQ-dW, = -j(dQ-dW) (O 

2bl 2c) 

Wc know that / dQ and jdW depend on the path followed by a system. Eqn.(C) 
shows that the value of ( (dQ - dW) connecting the states I and 2 is the same for 
the processes 2b I and 2c I . In other words the quantity (dQ -dW) docs not depend 
on the path followed by a system, but depends only on the initial and final states 
of a system. Hence, the quantity (dQ - dW) is an exact differential. It can be said 
that it is the differential of a property of a system. This property is called the 
energy E. Then the differential change in the energy of a system is given by 

dE=dQ-dW ( D ) 

That is. (here exits a property called the energy of a system and its differential 
change is related to the work and heat interactions as given by Eqn.(D). We also 
know that the energy of a system is the sum of macroscopic and microscopic 
modes of energy and is given by 

E = KE + PE + f/ (E) 

where KE = Kinetic energy 

PE = Potential energy 

V = Internal energy (the sum of all microscopic modes 
of energy) 

Comparing Eqns. ([)) and (E). wc get 
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dE = d( KE) + dt PE) + dJ = dQ- dW 


Example 4.9 

Show that Ihe first law of thermodynamics leads to the result that the energy 
of an isolated system is conserved. 

Solution : 

A system which does not exchange energy with its surroundings through 
work and heat interactions is called an isolated system. That is for an isolated 
thermodynamic system dW = 0 and dQ = 0. 

The first law of thermodynamics gives 
</£ = dQ-dW 

Hence, for an isolated system, the first law of thermodynamics reduces to 
dE = 0 or £j = £,. In other words, the energy of an isolated thermodynamic 
system remains constant. This fact is quite often stated as the principle of 
conservation of energy. 

Example 4.10 

Show that the first law of thermodynamics implies that a Perpetual Motion 
Machine of the First Kind (PMMFK) is impossible. 

Solution : 

We know that the macroscopic modes of energy can be converted from one 
form to the other and work can be obtained. However, the microscopic modes of 
energy cannot be readily convened into macroscopic modes of energy. An 
important application of thermodynamics is to devise means of converting the 
microscopic modes of energy into the macroscopic modes of energy. For this 
purpose heat engines which work cyclically are devised. The first law of 
thermodynamics when applied to a cyclic process gives 
jidQ-dW)= 0 or }dQ = $dW 
or Q-W 

where Q is Ihe net heat interaction and W is the net work delivered. 

An imaginary device which would deliver work continuously without 
absorbing energy as heat is called a Perpetual Motion Machine of the First Kind 
(PMMFK). A perpetual motion machine of the first kind has to operate on a 
cycle to deliver work continuously. If the device docs not absorb any energy as 
heat in a cycle, then )dQ=Q = 0. Then the first law of thermodynamics tells that 
for such a device $dW= W - 0. Thus, the first law of thermodynamics implies 
that it is impossible to devise a PMMFK. A PMMFK violates the first law of 
thermodynamics. 
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Example 4.11 

Give an example of an irreversible constant volume process and a reversible 
constant volume process. 



V 


(<•) 



a> An irreversible constant volume process in which 
paddle wheel work it performed on ihe system 
( b ) An irreversible constant volume process in which 
elect ncaJ work is performed on the system. 

(, ) P-V diagram for an irreversible constant volume 
process. 

(cf) Schematic arrangement showing a reversible constant 
volume process 

<r) P-V diagram for a reversible constant volume process. 


<C) 


Fig.E 4.11 
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Solution : 

A process undergone by a system in which the volume of the system remains 
constant is called a constant volume process or an isochoric process. That is for 
a constant volume process. V = constant or tIV - 0. 

Consider the liquid contained in a rigid and insulated vessel shown in 
Fig.E4.ll («), (ft) as our system. In Fig.H 4. 1 1 (a) work is done on the system hy 
rotating the paddle w heel and in Fig.E 4.1 1 (/>) wotk is done on the system by the 
storage battery. By performing work on the system the system temperature can 
be raised. This process can lake place in one direction only but cannot proceed in 
the reverse direction. That is. we never observe in practice that the paddle wheel 
which is initially at rest w II rotate or the storage battery gets charged while the 
liquid cools. Therefore, the processes undergone by the system in Fig.H 4.1 1 («) 
and (h) are irreversible. The irreversible process followed by a system cannot be 
traced on a thermodynamic diagram. We can represent the initial and final states 
of the system only. Usually an irreversible process is denoted by a dotted line 
connecting the initial and final stales of the system as shown in Fig.E 4. 1 1 (<•). 

Consider the gas held in a rigid vessel as the system. Let the initial temperature 
of the gas be T r The vessel can be placed in thermal contact with a hot body at 
(T, + AT) where AT -» 0. Then energy transfers as heat from the hot body to the 
gas. Since AT— * 0. the process can take place in either direction. Once the system 
attains the temperature (T, + AT) it can be placed in thermal contact with another 
hot body at (T, + 2AT) till the system attains the temperature (T, +2 AT). The 
system can be placed in thermal contact with a series of hot bodies at (T, + 
3AT)...T, till the system attains the temperature T, as shown in Fig.E 4.11 (</). 
Thus the system can be made to undergo a reversible constant volume process. 
In Fig.E 4.1 1 (e) the reversible constant volume process is shown by the solid 
line 1-2 on a H-V diagram. 

Example 4.12 

What conclusions can he drawn from the first law of thermodynamics for a 
constant volume process ? 

Solution : 

We know that for a constant volume process. V = constant or tIV - 0. Then 
the reversible work done is given by dW - PdV = 0. 

The first law of thermodynamics gives 

dE = i/fKE) + 4PE) *dU = tlQ - dW 

Quite often in engineering thermodynamics the systems under consideration 
are such that there is no change in kinetic energy and potential energy. That is 
ill KE) = 4 PE) = 0. Then the first law of thermodynamics reduces to 
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dU=dQ-dW (A) 

For a reversible constant volume process, Eqn. (A), reduces to 
dU - dQ or U 2 -U, = Q 

That is the change in the internal energy of a system is equal to the heal 
interaction in a reversible constant volume process. 

Now consider the irreversible constant volume process shown in Fig.E 4. 1 1 
<«) and (/>). In these i (reversible constant volume processes, the system is insulated 
and hence dQ = 0. However, either paddle wheel work or electrical work is done 
on the system. Application of the first law of thermodynamics to such systems, 
gives 

dU= -dW or U 2 -U, = -W 

Where (-VT) represents the work done on rhe system by the surroundings. 
That is, the increase in the internal energy of the system is equal to the work done 
on the system. 


Note In an irreversible constant volume process the system does not perform work 

on the surroundings at the expense of its internal energy. 

Example 4.13 

Define the specific heat ar constant volume and express it in terms of internal 
energy. 

Solution : 

The specific heat of a substance at constant volume is usually defined as the 
amount of energy required in rhe form of heat to change the temperature of a unit 
mass of the substance by one degree. That is, the specific heat at constant volume, 
C„ is given by 



where q is tbe heat interaction per unit mass. 

We know that for a constant volume process, the first law of thermodynamics 
reduces to 

dU = dQ or du - dq 

Where du is the change in the specific interal energy or internal energy per 
unit mass. Thus we find that when a system undergoes a constant volume process 
the heat interaction across the boundary is equal to the change in ihe property u 
of the system. Then Eqn. (A) can be rewritten as 
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(R) 


We have also noticed that the temperature of a system can be increased at 
constant volume by performing either paddle wheel work or electrical work on 
it. The amount of work done on a system at constant volume is equal to the 
increase is its intcral energy. Hence it is more appropriate to define C\ according 
to Eqn.(fi) w hich expresses the property C, of a system in terms of the property 
change (r/u). 


Example 4.14 

A rigid and insulated tank of volume 100 litres contains nitrogen at .'00 K 
and I bar. An electrical resistor placed inside the tank is connected to a battery 
and current flows through the resistor till the gas raises to a temperature of .'50 
K. Assume that nitrogen is an ideal gas. The molar heat capacity at constant 
volume (C ) of nitrogen is 5 R/2 where R is the universal gas constant. Determine 
the work done by the battery and the final pressure of the gas in the tank. 

Solution : 

We know that for an ideal gas PV= n RT Therefore. 


PV 

RT 


IxltfxlOQxlQ - 1 

8.314x500 


= 4.0093 mol 


c» = (If). 0 rdu=c -‘ IT 

A l/ = ft/j-l/j) = nC.fTj- T,t 

= 4.0093 x-x&3I4x( 350- 300) = 4.I667 kJ 

The first law of thermodynamics gives 

U,-U,= -W or IV = - 4.1667 kJ 
Therefore, work done by the battery on the gas = 4. 1 f>67 kJ 
/•,V= nRT, and /',V = n«7, 



we know that 
or 


or 


= M = 350x i x ! tf = 1 | 667 b a r 

- ‘ T, 300 
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Example 4.15 

A system is taken through a senes of processes as a result of which it is 
restored to the initial state. The \sork and heat interactions for some of the processes 
ate measured and (hey are as given below. 


Process 

tV(kJ) 

Q (kJ) 

At/ (kJI 

1-2 

100 

100 

- 

2-3 

- 

-150 

200 

3-4 

-250 

- 

- 

4-1 

300 

- 

50 


Complete the table and determine the net work done and net heat interaction. 
Solution : 

We know that the first law of thermodynamics gives A U=Q~ W. Application 
of the first law of thermodynamics to all the processes 1-2, 2-3, 3-4, and 4-1 
gives us 

u 2- u i° Q,2~ W ,2 

or U 2 -U |= 200-100= 100 kJ 

or 200 = -1 50 - Wjj or W,, = - 350kJ 

U,-U 4 ~Q„-W tl 

or 50= Q 4I -300 or Q„ = 350kJ 

For the entire cycle A U = 0 
(l/ 2 - U,) * ft/,- U 2 ) + (U , - U ,) + (U,-UJ = 0 
or 1 00 + 200 + ((/,- t/,) ♦ 50 = 0 
or U,-U,= - 350kJ 

y 4 -u,= Qu~W „ 

or -350 = Q m - (-250) or (?„ = -600kJ 

Net work done. W = Ik,, + W,, +IV U +«V 4| 

= 100 + (- 350) + (- 250) + 300 = -200 kJ 
Thai is 200 kJ of work has lo be done by the surroundings on the system, in 
one complete cycle. 

The first law of thermodynamics gives jilQ = i<IW 
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Therefore, net heat interactive = jtlQ - W = - 200 kJ 
That is 200 kJ of energy is transferred as heat from the system to the 
surroundings in one complete cycle. 


Ksample 4.16 

A system undergoes a process I - 2 in which it absorbs 200 kJ energy a>. heat 
while it does 100 kJ work. Then it follows the path 2 - 3 in which it rejects .“'Ll kJ 
energy as heat when 80 kJ work is done on it. If it is required to restore the 
system to state I through an adiabatic path, calculate the work and heat interactions 
along the adiabatic path. Also calculate the net work and heat interactions. 
Solution : 

Application of the first law- of thermodynamics to the process 1-2 gives 
U 2 -U,= 1^ = 200 -100= 100 kJ 

Similarly U, - U 2 = Q,, - W a = -50 - (-80) = 30 kJ 
For the complete cycle A U = 0 
or (U 2 -U I ) + IU,-U,') + IU I -U,) = 0 
or 100 + 30 + ((/,- (/,) = 0 or (/,-{/, = -!30kJ 

The process 3—1 is desired to be adiabatic. Therefore. Q- tl = 0 
The first law of thermodynamics for the process 3—1. gives 
= or — 130 = 0— W,, or IV„ = I30U 

Therefore, work done during the adiabatic process = 130 kJ 
Net work. W= jdW= H',, + IV„ + = 100 + (- 80)4-130= 150 kJ 

We know that for a cyclic process j<IQ = ji/tV = 1 50 kJ 
Therefore, net heat interaction = 150 kJ 

Kxamplc 4.17 

The specific heat at constant volume for a particular substance is given by 
the relation 

C'=a + hT*cT* 

where a.b and c are constants. If it is desired to change the temperature of the 
substance from 7j to 7\ at constant volume, develop the relation to calculate the 
heat intemeton. 

Solution : 

We know that for a constant volume process dq = du and 
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(«) Constant pressure expansion of a gas in a piston- 
cylinder assembly. 

(b) Constant pressure vaporization of saturated liquid. 

<<’) Constant pressure expansion of a gas in an insulated 
cylinder in which paddle wheel work is performed on 
the gas. 

Ult Constant pressure expansion of a gas in an 


insulated cylinder in which electrical work is 
performed on the gav 

(e) Reversible constant pressure process on a P-V 
diagram followed by the gas shown in (a). 

if\ P-V diagram showing the vaporization process 
shown in (b). 

(g) P-V diagram showing the irreversible constant 
pressure process shown in (c) and (</). 
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Therefore q= J<fu = j|Jp) dT = jcjr* j(a+bT+cT 2 UT 

- eKTj - r, ) + 1( V - 7-, 1 ) + 1 ( Tj' - r,' ) 

Example 4.18 

Quite a few industrially important processes are carried out under isobaric 
conditions. Give some examples of reversible isobaric processes and irreversible 
isobaric processes. 

Solution : 

If a system undergoes a process in which the pressure is held constant then 
the process is called a constant pressure process or isobaric processes. A few 
constant pressure processes arc schematically represented in Fig.E 4. 1 8. 

Suppose a gas enclosed in a frictionless piston-cylinder assembly shown in 
Fig.E 4.18 (a) is considered as the system. The ambient pressure P acts on the 
piston, if the cylinder is placed in contact with a hot body, the temperature of 
which is infinitesimally greater than that of the gas. energy flows as heat into the 
system and the gas expands. Since the temperature difference between the hot 
body and the system is infinitesimal, the process can proceed in either direction . 
That is the system undergoes a reversible isobaric process. Another example of a 
reversible constant pressure process is the vaporization of saturated liquid held 
in a frictionless piston-cylinder assembly shown in Fig.E 4.18 (b). During the 
vaporization process the temperature as well as the pressure of the system (fluid 
held in the cylinder) remain constant. These reversible processes can be 
represented in a 'thermodynamic diagram. Fig.E 4.18 (r) shows the constant 
pressure process followed by the gas shown in Fig.E 4. 1 8 (a). The constant pressure 
process followed by the fluid during vaporization is shown in Fig.E 4.18 (/). 

Suppose a gas is enclosed in a frictionless piston-cylinder assembly and the 
piston as well as the cylinder arc insulated as shown in Fig.E 4.18 (c) and (</). 
Consider the gas enclosed in the cylinder as the system. Work can be performed 
on the system by the surroundings. In Fig.E 4.18 (c) paddle wheel work is done 
on the system and in Fig.E 4. 1 8 (d) electrical work is done on the system. Whi Ic 
the gas undergoes expansion, the ambient pressure acting on the piston remains 
constant. Since it is not possible to rotate a paddle wheel which is initially 
stationary or to charge a battery by cooling the gas. the process followed by the 
gas shown in Fig.E 4.18 (c) and (if) are irreversible. The irreversible constant 
pressure process followed by the gas is shown in Fig.E 4. 1 8 (g). 
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Example 4.19 
Define enthalpy. 

Solution : 

The enthalpy II is defined as H = U * PV. The specific enthalpy (molar 
enthalpy) is given by 

h = u + Pc 


Example 4.20 

What is meant by energy analysis and in how many ways the energy analysis 
can be carried out? 

Solution : 

The first law of thermodynamics gives 

i IE = ihKlil + dlPEI * dU = Q - IV 

The quantity tIE or |d (KE) + d (PE) + dV\ represents the net change in the 
energy of the system while dQ and dW represent the energy transfer across the 
boundary of the system in the form of heat and work, respectively. The first law 
of thermodynamics in essence tells that the net change in the energy of the system 
is exactly equal to the net energy transfer across the boundary of the system. In 
other words, the first law of thermodynamics tells 

Accumulation of energy = Inflow of energy - outflow of energy. 

The application of the first law of thermodynamics to systems or processes 
concentrates on energy flows and such an analysis is called energy analysis. 
Basically there are two types of energy analysis. They are (a) Control-mass 
analysis and lb) control-volume analysis. 


Example 4.21 

Explain the essential steps involved in the control-mass analysis. 

Solution : 

The control-mass analysis is usually used to analyze non-flow processes. 

The essential steps in the control-mass analysis arc : 

1 . The system or the control-mass on which attention is focussed must be 
clearly identified since the work and heat interactions depend on the choice 
of the control-mass. 

2. Represent the process followed by the system on a thermodynamic diagram. 
This step helps in identifying the states of the system and in the analysis of 
the process. 
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3. Follow the energy transfer across the boundary of the system while applying 
the principle of conservation of energy. 

4. The P-\—T behavior of the substance which is available through charts, 
tables or equations of slate should be incorporated while relating the energy 
changes of the system. 

Example 4.22 

Apply the first law of thermodynamics to a constant pressure process and 
deduce relations to estimate heat and work interactions. 

Solutiim : 

Consider a simple compressible substance (say a gas) enclosed in a frictionless 
piston-cylinder assembly as tire system or the control mass as shown in Fig.E 
4.22. Let v, and T ] denote the initial state of the system. Let the piston be 
loaded w'ith a fixed mass such that ihe gas is held at constant pressure. If energy 
transfers as heat reversibly into the system, then the gas undergoes a reversible 
constant pressure process. 

The process followed by the control-mass is shown on a P - V diagram in 
Fig.E 4.22 (/r). The work done by ihe system or the control-mass is given by 

2 

W= JfW = P(V' 2 -V'|) Sin ceP, = P 2 =P 

Applying the first law of thermodynamics to the control-mass, we get 

dU= dQ-dW=dQ-Pd\' 

= r IQ - ( PdV * VdP ) Since dP = 0 

or dU= dQ — d(P\ 

or dQ = dU + d (PV) = d(U + PV) = dH 

or Q= H,-H, 

Therefore, in a reversible constant pressure process, the heat interaction across 
Ihe boundary of Ihe system is exactly equal to the change in the enthalpy (a 
property) of the system. 

Now let us consider an irreversible constant pressure process shown in Fig.E 
4.22 (c) and (</). In Fig.E 4.22 (c) and ( d) the control-mass is the gas enclosed in 
an insulated cylinder. The piston is loaded with a fixed mass and exerts a constant 
pressure on Ihe gas. In Fig.E 4.22 (c) paddle-wheel work is performed on the 
gas and in Fig.E 4.22 (d) electrical w ork is done on the gas. 
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la) Schematic representation of a reversible constant (c) Irreversible constant pressure process in which 

pressure process. The region enclosed by the paddle wheel work is performed on the control- 
dotted line is the system or control mass. mass. 

lb) P - V diagram showing the constant pressure Id) Irreversible constant pressure process in which 
process I - 2. The shaded area represents the electrical work is performed on the control mass. 

2 (e) P- V diagram showing the process path, 

work done W = J PdV by the control-mass. 
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The cylinder and the piston are insulalcd and hence <IQ = 0. Across the 
boundary of the control-inass there are two modes of work interaction. They are 
the (MV) work associated with the motion of the boundary and (</VV ) the shaft 
work (either the paddle wheel work or the electrical work) done by the 
surroundings on the system. Thai is 

dW = PdV + <IW k 

Applying the first law of thermodynamics to the control-mass, we gel 
dU - dQ- dW = 0 - PdV - </IV 
or - dlV, = dU + PdV 

= dU*d{PV) Since VdP = 0 

or -dW'=J(U+PV) = dH 

or - tV = «,-«, 

Therefore, the increase in the enthalpy of the system is equal to the shaft 
work done on the system. It may be noted here that tV is always a negative 
quantity since shaft work is done by the surroundings on the system. 

Example 4.23 

Define specific heat at constant pressure and express it in terms of a property 
change. 

Solution : 

If a system changes its state at constant pressure, it is accompanied by a 
temperature change (except in the case of constant pressure phase change). The 
specific heal of a substance at constant pressure is defined as the energy required 
(in the form of heat) to change the temperature of a unit mass of the substance by 
one degree. That is. the specific heat at constant pressure C,, is given by 



where q is the heal interaction per unit mass. 

We know that the heal interaction during a constant pressure process is equal 
to the change in the enthalpy or dq = dh. Therefore. 



Thus C p which is a property of the substance is expressed in terms of another 
property change. 
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Kxample 4.24 

Calculate Ihe internal energy of dry saturated steam at IOO“C from the data 
given in the steam tables. 

Solution : 

We read the following values from the steam tables (see Appendix - 2). 
t = 1 00“C. P = 1 .01 33 bar; v, = 1.673 m'/kg and h f = 2676 kj/kg. 

We know that ft = ii + Pv 

or h = ft - Pv = 2676 x 10' - 1 .0133 x 10' x 1 .673 = 2506.475 kJ/kg 
Kxample 4.25 

Calculate the internal energy of the wet steam of auality 0.8 at I bar. 
Solution : 

Read the following values from the steam tables (Appendix - I). 

P = I bar : v,= 0.001 043 4 m'/kg ; v^ = 1 .694 m’ / kg 
A, =417.54 kJ/kg : * t = 2675.4 kJ/kg 

v = Xv. + (l - X) v, = 0.8 x 1.694 + 0.2(0.001 04.3 4) = 1 .3554 m 3 / kg 
ft = Xh l + ( I - X) h t = 0.8 x 2675.4 + 0.2 (417.54) = 2223.828 kJ/kg 
We know that u = ft - Pv. Therefore 

u = 2223.828 x 10 s - I x 10 s X 1 .3554 
= 2088.288 kJ/kg 


Kxample 4.26 

Calculate the internal energy of saturated liquid water at IOO“C. 

Solution : 

We read the following values from the tables (Appendix-2). 

/ = 100-C; P = 1 .01 33 bar ; v, = 0.001 043 7 m' / kg . h, = 41 9.06 kJ/kg 
We know that u = h-Pv 

or u — 419.06 x 10 ' - 1.0133 x 10 5 x 0.001 043 7 

= 418.95 kJ/kg 

Thus we find that for saturated liquid at 100“C : ft, = 419.06 kJ/kg am 
Uj = 418.95 kJ/kg. 

Therefore, for saturated liquid u f = A, at low to ordinary pressures. 



FIRST LAW OF THERMODVNAMICS AND ITS APPLICATIONS 


157 

Example 4.27 

Estimate the latent heat of vaporization or the enthalpy of vaporization for 
the water at 100”C. 200 I 'C. 300“C and critical point. 

Solution : 

Read the following values from the steam tables (Appendix-2). 

I = lOOt; It, = 419.06 kJ/kg ; h f = 2676.0 kJ/kg 
I = 200°C ; A, = 852.37 kJ/kg ; /i, = 2790.9 kJ/kg 
l = 300°C ; A, = 1 345.0 kJ/kg ; A, = 275 1 .0 kJ/kg. 
Critical point (/ = 374. 1 5“C and. P = 221.20 bar) 

A, = 2107.4 kJ/kg ; h f = 2107.4 kJ/kg 

The latent heal of vaporization is the quantity of energy required as heal for 
converting saturated liquid into saturated vapor at constant temperature and 
pressure.by unit mass of the substance. That is the latent heat of vaporization or 
the enthalpy of vaporization (A- ) is given by 

h „=K- h , 

h fr (at lOO'Cl = 2676.0 - 4 1 9.06 = 2256.94 kJ/kg 
A ( (at 200“C) = 2790.9 - 852.37 = 1938.53 kJ/kg 
A ft (al300°C) = 2751.0- 1345.0= 1406.0 kJ/kg 
lt /t (at critical point) = 2107.4 - 2107.4 = 0 kJ/kg 


Note The enthalpy oj vaporization of a substances decreases with incrcasiiiK 

temperature or pressure and it is et/iutl to zero at the critical point . 


Example 4.28 

A piston-cylinder assembly contains 0. 1 xg wet steam of quality 0.7 at I bar. 
If 200 kJ energy is transferred as heat at constant pressure, determine the final 
state of the steam and the work done by the steam. 

Solution : 

We read the fallowing values from the steam tables (see Appendix - I ): 

P = I bar t = 99.632°C ; v, = 0.001 043 4 m'/kg ; v. = 1 .694 mVkg 
A, = 417.54 kJ/kg; h t = 2675.4 kJ/kg 
v, = Xv t + ( I - X)v f = 0.7 x 1 .694 + 0.3 x 0.001 0434=1.1861 nv'/kg 
A, = Xh t + ( I - X)A ( = 0.7 x 2675.4 + 0.3 x 41 7.54 = 2123.304 kJ/kg 
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ENGINEERING THERMODYNAMICS THROUGH EXAMPLES 
We know ihai for a constant pressure process q = h,— h r Therefore 

h 3 = /»,+? = 2l23.304+ 10x200 = 4123.304 kJ/kg 


Energy transferred is 200 U for 0. 1 kg or ( 10 x200 ) kJAg. Since h, > the 

steam exists in the superheated state at I bar. From superheated steam tables 
(see Appendix - .? ) we read the following values. 


P = 1 bar : 

1 = 700-C 

1 = SOOT 

V 

4.4900 m'/kg 

4.9520 m'/kg 

li 

3928.2 kJ/kg 

4158.3 kJ/kg 


The value /», = 4123.304 kJ/kg lies in between 700°C and 800°C. Therefore, 
we interpolate to determine the temperature of steam. 

4123.304 = 3928.2 + (4158 3 - 3928 2>A/ 

800 - 700 

or A l = 84.79 or I = 700 + 84.79 = 784.79T 

The process followed by the steam is shown in Fig.E 4.28. 



Fig.E 4.28. P- Vdiagram showing the path followed by steam. The shaded area 
represents the work done by steam. 

Now we calculate the specific volume of steam at 784.79T as 

V. = 4.4900+ (4 9520 - 4 - 4900,x84 - 79 = 4.8817 m' / kg 


800 - 700 
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Work done W = jPdV= P(v 2 - v,»= I x 10' (4.8817 - 1.1861) = 369.56 kJ/kg 
Work done by steam (0.1 kg) = 36.956 kJ 

Example 4.29 

One kg of ice al 0"C is completely melted into water at 0°C at I bar pressure. 
Given that the latent heat of fusion of water is 333.44 kJ/kg and the densities of 
water and icc at 0°C are 999.85 kg/m' and 916.23 kg/m'. respectively, calculate 
the work done and energy transferred as heat. 

Solution : 

Specific volume of ice v, = 1/916.23 = 1 .0914 x 10*' m’/kg 
Specific volume of water v,= 1/999.85= 1.0002 x Kf’mVkg 

The phase transition occurs at constant pressure. Therefore, work done is 
given by 

W=fP*. = P(v r V')= lx lO 5 ! 1.0002 - 1 .0914) x 10-’ = -9.38 J 
q = ft,- ft, = /l,, =333.44 kJ 

9.38 J work was done by the surroundings on water and 333.44 kJ energy is 
transferred form surroundings. 

Example 4 JO 

A rigid and sealed tank of volume lm’ is initially filled with dry saturated 
steam at 200°C and left in the open. After a while the temperature of the steam is 
reduced to I50“C. Determine the final conditions of steam in the tank and the 
amount of energy transferred as heat. 

Solution : 

From steam tables we find at t = 200“C 

P = 1 5.549 bar ; v, = 0. 1 272 m'/kg ; ft. = 2790.9 kJ/kg 
«.= h r Pv ' = 27909 * 'O'- 15.549 x 10' x 0.1 272 
= 2593.12 kJ/kg 

Since the lank is rigid and sealed, the mass of steam and the total volutin 
remain constant. Therefore, the specific volume (v = Vim) of steam also remains 
constant. Hence Vj = v, = v = 0. 1 272 m'/kg. 

For steam at 1 50^, we read the following values from the steam tables 

r = 1 50°C ; P = 4.76 bar; ty = 0.001 090 8 m'/kg. 

iy = 0.3924 m'/kg ; ft, = 632. 1 5 U/kg ; ft, = 2745.4 kJ/kg 
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The final value of the specific volume v, lies in bclween v ( and v. al 1 50“C. 
Hence Ihe steam exists as wet steam of quality X 2 , 

v,= v, » 0. 1 272 » XjV c + ( I - X 2 hy 
or 0. 1 272 = 0.3924 X 2 + 0.00 1 090 8 ( I - X 2 ) 


0.3924 - 0.0010908 


*,= XJt f *(\ -X 2 ) 

h = 0.3223 x 2745.4 + (I -0.3223)632.15 
= 1313.25 kJ/kg 

u 2 =h, -P,v ,= 131 3.25 x 10' - 4.76x 1 O' x 0. 1 272 
= 1252.703 kJ/kg 

For a constant volume process we know that q = u, - «, 
or q = 1252.703 - 2593.12 = -1340.417 kJ/kg 


V I 

Mass of steam in the tank in = — = ^ = 7.862 kg 

Energy Transferred as heat Q = mq = 7.862x (—1340.417) X 10' =— 10.538 

Hence, energy is transferred from steam to the surrounding. 


Example 4JI 

It is required to raise the temperature of I kmol of ethylene at constant pressure 
from 300 K to 400 K. Determine the amount of energy to be transferred as heat to 
ethylene. The molar heat capacity of ethlene is given by 

C p = 4.l96 + 154.565 x 10“' 7*— 81.076 x 10"* T 2 + 16.813 X 10~" 7*' 
Where C is in J/mol K and T is in kelvin. 

Solution : 

We know that for a constant pressure process q = h 2 -h l and 



T il 1h \ T i 

9= = j NS dT=)CpdT 

r , 'p t, 


Therefore. 
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T> 

= J(a+*r + c7- 2 +</7- 5 Wr 


or , = fl (r J -r l ) + |(T J 2 -7J l ) + |(7- 2 , -7i , ) + ^(7?-7i 4 ) (A) 

Substituting ihe values of T V T V a.b.c and d in Hqn. (A), we gel 

9 = 4.l96<4(X)-300)+ l54 56 * Xl0 < (400 2 -300 i ) 


_ 3 oa', + M 21 iol ( 4 oo‘ - 300*) 

3 4 

or q = 419.6 + 772.8 - 999.9 + 70.6 = 263. 1 J/mol 

Therefore. Ihe amoum energy io be transferred as heal to raise Ihe temperature 
of 1 kmol of ethylene = 263. 1 kJ 


Example 4 32 

Give an example of an isothermal process. 
Solution : 



la) lb) 

Fig.E 4.32 

(a) Schematic arrangement to show isothermal expansion of a gas 
lb) Isothermal process 1-2 on a pressure versus volume diagram. 
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A process in which ihe temperature of a system remains constant is called an 
isothermal process or constant temperature process. Consider a gas enclosed in a 
frictionless piston-cylinder assembly shown in Fig.E 4.32 (o) as a system. If the 
piston-cylinder assembly is placed in thermal contact with a constant temperature 
bath and if the pressure of the gas is slowly and continuously decreased, the 
gas undergoes expansion while its temperature Is held constant. Since, the process 
is reversible it can be traced on a thermodynamic diagrams shown in 
Fig.E 4.32 (ft). 


Example 4.33 

Suppose an ideal gas which is initially at P,, v,, T undergoes isothermal 
expansion till it reaches the final state P 2 ,v 2 , T estimate the work and heat 
interactions. For an ideal gas u - rr(T) only. 

Solution : 

The first law of thermodynamics gives 

du=dq- dW (A) 

The work done by the gas is given by IV = jPdV. 

We know that for an ideal gas Pv = RT or P- RT/v. Therefore, 

W = J Pdv =| RT — = /?71n— 

l i v V| 

For an ideal gas du = CifT Since T = constant du = 0. 

Then Eqn. (A) reduces to 

du= 0 = dq - dW or dq = dW or q = W = RT In (Vj/v,) 


Note If an ideal gas undergoes a reversible isothermal expansion , the work done 

by the gas is exactly equal to the amount of energy transferred as heal from the 
surroundings. 

Example 4.34 

It is desired to compress isothermally one kmol of butane (C 4 H I0 ) at 300 K 
from the initial volume of 0.5 m'/mol to the final volume of 0. 1 m’/rnol. Determine 
the amount of work to be done on the gas and the amount of energy to be removed 
as heat from the gas. The critical constants of butane are T c = 425.2 K and P c = 
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37.97 bar. Assume that buiane behaves like a Van der Waals gas. For a Van der 
Waals gas du = C x dt + (aA J )d\\ 

Solution : 

The Van der Waals equation of state is given by 

<P*aA- l(v -b)*z RT or P =-^~- 4 
v-b v 


Workdone, W = 



RT 
v-b 




The Van der Waals constant are given by 


a _ Z1R-T} 27x(8.314x42S.2) ; 

64 P, ~ 64 x 37.97 x 10 s 

= 1.3885 Pa (m-'/mol) 2 
b= RT, _ 8.314 x 425.2 
8 P, 8 x 37.97x10 s 

= 0.1164 x 10-' m 5 / mol 

Subsituting the values of v 2 . a. b and Tin Eqn. ( A ). we get 


W= RT In 



M> 


= 8.314x300 In 


0.1-0.1164x10'' \ 
0.5-0.1164x10-' J 


-l.388S|- -|=- 4.0055 kJ/mol 

1,0.5 O.lJ 


du - C t cfr+ -y Jv - 


since 7" = constant 
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The first law of thermodynamics gives 

or -11.108= <? -(-4005.5) or <j = 4016.61 J/mol 

Work to be done on one kmol of gas = 4005.5 kJ 
Energy to be transferred as heal to the gas = 4016.61 kJ 


Example 4.35 

Give some examples of irreversible adiabatic processes. 

Solution : 

A process in which there is no energy transfer across the boundaries of the 
system, that is when the system is enclosed by an insulated wall, is called adiabatic. 
For an adiabatic process Q = 0. A few irreversible adiabatic processes are shown 
in Fig.E4.35. 

In Fig.E 4.35 (a) a fluid is taken in an insulated container and paddle 
wheel work is performed on the system (fluid). In Fig.E 4.35 (fe) the system is 
again a fluid held in an insulated container and electrical work is done 
on the system. In Fig.E 4.35 (r) an insulated tank is divided into two compartments 
by a removable panilion. One compartment contains a fluid at a given T and P 
while the second compartment contains a different fluid or the same fluid at 
different T and P. If the partition is removed, the fluids mix with each other. 
Considering both the fluids as the system, the system undergoes an 
irreversible adiabatic process. In Fig.E 4.35 (</) an insulated tank is divided into 
two compartments by a removable partition. One compartment is filled with a 
gas at a given pressure while the other compartment is evacuated. If the partition 
is removed, the gas expands and occupies the entire lank. The expansion of the 
gas is unrestrained because no force is opposing the expansion of the gas. Such 
an expansion is called free expansion. If the gas is considered as the system, the 
system undergoes an irreversible adiabatic process. 
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Switch 



(a) 


(b) 



Removable Insulated Removable Insulated 

Panil '° n Tank Partition Tank 


<0 w> 

Fig.H 4.35. Schematic representation of irreversible adiabatic processes involving 

(a) paddle wheel work 

(b) electrical work 

(e) mixing of fluids at different states of temperature 
(tf) free expansion of gas. 


Example 4.36 

Give an example of a reversible adiabatic process. 

Solution : 

Suppose a gas is held in a frictionlcss piston- cylinder assembly. Let the 
piston and cylinder be insulated. If the gas is allowed to expand or compress 
slowly by adjusting the opposing pressure such that the gas pressure is always 
equal to the opposing pressure then the expansion or compression process is 
reversible. Such a process is a reversible adiabatic process. 
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Example 4J7 

Whal conclusions can be drawn from the first law of thermodynamics for a 
system undergoing adiabatic process? 

Solution : 

The first law of thermodynamics gives du = dq- dW. For an adiabatic process 
dq = 0. Hence, if a system undergoes an adiabatic process, then du = - dW or 
W = - A u, Thut is. the work done by the system is equal to the decrease in its 
internal energy. In other words, the system does work at the expense of its own 
internal energy. This is true irrespective of whether the process is reversible or 
irreversible since du -dq- dW is always true. 


Example 4J8 

Estimate the work done by an ideal gas. if it undergoes a reversible adiabatic 
expansion from P r v,, T, to P,, v 3 . T,. It is known that the internal energy of an 
ideal gas is a function of temperature only. That is. for an ideal gas u = u(T) only. 

Solution : 

For an ideal gas Pv = RT and u = u (D only. 

Then du = C t dT for an ideal gas. 

We know that for an adiabatic process du = — dW 
or IV = - A « = u, - u 2 = C r (T, - Tj) (A) 

For an ideal gas. we know that C p -C t = R 


- = -ir or C„ 


_ c p. C, +K R 
T= C. " C, 'c, 
where y is the ratio of the specific heats C p and C y . 
Substituting for C_ is Eqn. (A), we get 

W= C y (T l -T 2 , = ^- t (T,-T 1 ) 


R 

Y-l 


= ffZi.-.ffj = 5a - p i v i 

Y-l Y-l 


Example 4_39 

If an ideal gas undergoes a reversible adiabatic process, trace the paths of the 
process on temperature versus volume diagram, pressure versus volume diagram 
and temperature versus pressure diagram. 
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Solution : 

Application of the first law of thermodynamics to an adiabatic process gives 
du=-dW 

If the process is reversible d\V= Pdv 
For an ideal gas du - C x dT and C p - C ( = R 


Therefore. 


1 


Cp C. + R f R 

c,. c„ c, 


or 



Pdv = 


-RdT 

Y-l 


or 


RTdv -RtIT 
v y-I 


or 


dT . „dv 
— = Hr-D— or 



(A) 


or 7V T_ ' = constant 

or In T* fy - 0 lnv = 0or In T=(l - y) In v 

Hence a plot of InT versus Inv yields a straight line with slope (I - y) as 
shown in Fig.E 4.39 (a). 

For an ideal gas / ) ] v ) = RT f and P, v, = RT 2 . 

T 2 Rvj 

Therefore ^r = (B) 

Substituting Eqn (fi) in Eqn. (A), we get 


&±= (n 


or 


(O 


or Pi’ 1 = constant orlnP + ylnv = 0 
or InP = - y Inv 

Thus a plot of Inf P ) versus Inf v) yields a straight line with slope- y as shown 

in Fig.E 4.39 (A) 

Eqn.fO can be rewritten as 



Substituting Eqn.(D) in Eqn.(A) gives 


(O) 




Fig.E 4.3V. Reversible adiabatic paths for an ideal gas on 
(a) In T versus In v diagram ( b ) In P versus In v diagram and (c) In P versus In T diagram 
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Example 4.40 

In a Diesel cycle Ihe atmospheric air at 300 K and I bar is compressed 
reversibly and adiabatically till the volume of the air reduces to 1/16 of the original 
value. Calculate the temperature and pressure of the air at the end of the 
compression and the amount of work done in compressing the gas. Treat air as an 
ideal gas with y= 1.4 
Solution : 


Final volume _ V; _ I 
Initial volume v, 16 

For reversible adiabatic compression of an ideal gas 


or T 2 = 909.4 K 


or P 2 = 48.503 bar 


Zk = (if 'or iU<l6) 04 = 3.0314 
T, (v 2 J 300 

r or t =(| 6,u= " 


Work done. W = 


R(T,-T 2 ) 8.314(300 - 909.4) 
Y-l 0.4 


= -12.666 kJ/mol 

Therefore 1 2.666 kJ/mol work is to be done on the air. 


Example 4.41 

One mol of an ideal gas withy = 1 .4 initially at 300 K and 1 bar is compressed 
reversibly and adiabatically to 6 bar and then it is cooled at constant pressure to 
the original temperature. The gas is then restored to the initial state through an 
isothermal process. Calculate the net work and heal interaction. 

Solution : 

The path followed by the gas is shown in Fig.E 4.41 . 

Path 1-2 is reversible and adiabatic. Therefore. 

T, = T =300(6)1* = 500.55 K 
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9 , 2 = 0 since il is an adiabatic process. 

Path 2-3 is at constant pressure. Therefore. </,, = h i -h, = C p (T s - T 2 ). 
We know that C, = RHy -I ) for an ideal gas. Hence 

7 C v = ^ = = 29.099 J/ntol K 

q v = C, (T,-T,) = 29.099 (300 - 500.55) = -5835.8 J/mol 
(T, = T r because 3-1 is an isothermal process) 

Path 3-1 represents isothermal process. For an ideal gas du = C, dT. 
Hence du = 0 = dq- dW or 0 = 9 ,,-VP,, or q„ = W,, 


Work done W„ = j P</v = RT, In - 


P, v , = P, v, or v,/v, = P,/P, = 6 

Therefore. q 2l = W,, = RT t In v,/tr 3 — 8.3l4x 300 In 6 = 4469 J/mol 
Net heat interaction, ^ = + ^ + g 3| =0 + (—5835.8) + 4469 = - 1366.8 

J/mol 

The gas undergoes the cycle 1 -2-3-1. For a cyclic process, the first law of 
thermodynamics gives fdq - or fdw or q=W. 

Hence, net work done. W =-1366.8 J/mol 



Fig.E 4.41. P-V diagram showing the path followed by the gas. 
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Example 4.42 

An ideal gas is healed al constanl volume until its lempertalure is doubled 
and then cooled at constanl pressure to the original temperature. Finally the gas 
is allowed to expand isothermally to the initial state. Derive a relation to estimate 
the net work done. 

Solution : 

The process paths of the gas are shown on a P-v diagram in Fig.E 4,42. 



Fig.E 4.42. P-v diagram for Example 4.42. 


Path 1—2 represents a constant volume process. Hence W, 2 = 0 
Path 2-3 represents a constant pressure process. Hence W 2 , = P s (v, - v,) 
or W u = P J v > -P 1 v 2 = P i v i -P 2 v 1 

= R(T, - T 2 ) = R(7,- 7-j) = R(7, - 27,) = -R7, 
(Since P 2 = />, ; 7, = 7, and 7, = 27, ) 

Path 3-1 represents an isothermal process. Hence. 

VV„ = / Pdv = R7, In (v,/v } ) 

W„ = RT, bA = RT, ln£ = RT, In^- = R7;in2 
v j h T i 


or 


(Since v ( = v 2 ; P 2 

Net work = H'=H', J + W,,+ W 
W =- 0.3069 «7, 


= P . fa = 

7, " 7, 


„= 0 +(- R7,) + R7, In 2 = R7, (In 2 - 1) 
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Example 4.43 

One mole of an ideal gas initially at F, and T t is compressed reversibly and 
adiabatically till Ihe pressure is P, and then it is cooled at constant volume to the 
initial pressure. Finally the gas is restored to Ihe iniitial state through an isobaric 
process, calculate (he work done by the gas. 

Solution : 



Fig.E 4.43. Sketch for Example 4.43. 

The various processes followed by the gas are shown in Fig.E 4.43. 

1- 2 is a reversible adiabatic path. Therefore, 

w, J =u,- Uj =c v (r l -n)=^ T (r l -r 2 ) 

2- 3 is a constant volume process. Therefore, W,, = 0 

3- 1 is a constant pressure process. Therefore. W t| = F, (v, - v 5 ) 
or W„ = RIT-T,) 

Since 2-3 is a constant volume process, 

*=£ = 3 . 

h Ty Ty 


Since 1-2 is a reversible adiabatic process 
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M# 


Id 

t,= r,(Pj //>,) T 


.j-j 

Therefore T, =5- T, -S. 1 = T,(P, I P,)'" 

P 2 P l 


or i =(/>,/ /?)-■" 

'i 

Network. W = tV,, + W,, + IV,, 
R 


Y-l 


(7i-r,) + 0+R(7i-r,) 


w=-^fi-ZL) +Rr| ( l _I>] 
Y-il r,J ‘I 7i J 


KT, 

Y-l 


Id 

!-(/»,//»,) » 


-RY,[l-(/> 2 /P l )- 1 'g] 


IV = RT, 


■-<Vy T +l -(^/P,)-/Y 


Kxample 4.44 

It is desired to compress one mole of air (an ideal gas with y= 1 .4) from the 
initial state 300 K and I bar to the final slate 300 K and 10 bar. There are several 
possibilities by which the air can be taken from the initial stale to the final state. 
Some of the possible paths are: 

(a) Isothermal compression. 

(h) Cooling at constant pressure followed by heating at constant volume, 
(c) Adiabatic compression followed by cooling at constant volume. 
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(tf) Healing at constant volume followed by cooling at constant pressure. 

Since there are several ways in which the task can be achieved, it is necessary 
to choose the most economical process. Therefore, calculate the net work required 
for all the above processes. 

Solution : 

The various possible processes by which the air can be compressed are shown 
the Fig.H 4.44. 

(a) Isothermal compression path is shown as 1-2 in Fig.E4.44. 



8.314 x 300 In— = - 5743. 1 1 J / mol 
10 



Flg.E 4.44. Sketch for Example 4.44. 

(6) Cooling at constant pressure followed by heating at constant volume. 
The path followed by the system (air) is shown as l-a-2 in Fig.E 4.44. 


W 


/ V v « - 'V = , V v J - V 
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= - 2244.78 J/mol 
W : =0 

Therefore. W, a2 = W u + VV,, = - 2244.78 J/mol 

(c) Adiabatic compression followed by cooling at constant volume. The path 
followed by air is shown as l-h-2 in Fig.E 4.44. 


“r*»* c ,(V T k)=—^ T i-Tb) 




or r^r.fPj //>,)*-' 


T b = 300 x ( I O) 01 = 753. 57 K 
R R 114 

w |( = ^r7< r t-7i)=^ 2 ( 300 - 753.57) 


= 9427. 4S J/mol 
w «=0 

Therefore W M = W |fc +W h2 = - 9427.45 J/mol 

(<f) Heating at constant volume followed by cooling at constant pressure. 
The path followed by the air is shown as l-c-2 in FtgE. 4.44 



0 

/■jl'j-M-Pifvi-v,) 


-’HHH) 


= 8.314X 300(1 - 10)= -22.448 kJ / mol 


W wl = W lc + W <2 = -22.448 kJ/mol 
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Example 4.45 

The work lo be done in compressing an ideal gas from a given initial state to 
a given final state depends on the path followed. In Example 4.44. the minimum 
work required is found for the process in which the gas is cooled at constant 
pressure followed by heating at constant volume. What are the practical difficulties 
associated with this process? 

Solution : 

Refer Example 4.44. 

The constant pressure cooling process is shown by path l-u in Fig.E 4.44. 
The heat interaction among the path I -a is given by 

■»!,= h . - h , = C e < r .- r. > = JZ] < r «- 



M = .S& „ Zl = Ll = '± = L L 

71 L T, v, v, ft 


T= r,.^- = 300x4- = 30 K 
* 1 ft 10 


q, = «5lfi-l 
“ T-lU. 


8.3I4X 300x1. 4 J' I A 
0.4 (lO J 
= -7856.73 H mol 

The air which is initially at 300 K is to be cooled to 30 K and 7856.73 J/ntol 
of energy is to be removed at this low temperature. This necessitates the use of a 
refrigerating device. More over it is difficult to achieve this low temperature. 
Air is treated as an ideal gas (which does not liquefy) in the problem. In practice 
air starts liquefying at about 150 K. Hence this process cannot be adopted in 
practice. 


Example 4.46 

Isothermal compression of a gas (of all feasible processes) requires the least 
amount of work input. However, it is difficult to cany out a process at constant 
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temperature. Suggest an altcrcnativc scheme, for compressing a gas. which 
requires the work input which is marginally more than that required by an 
isothermal process. 

Solution : 



Fig.E 4.46. P-v diagram showing a combination of reversible adiabatic processes and 

isobaric processes which can be closely approximalcd as an isothermal process. 

The gas which is initially at state I can be compressed reversibly and 
adiabatically to slate a followed by isobaric cooling to state b. Then it can be 
again compressed reversibly and adiabatically to stale r followed by constant 
pressure cooling to state d. The sequence of steps can be continued as shown in 
Fig.E 4.46 to attain the final stale 2. The shaded area in the figure represents the 
additional work input compared to an isothermal process. Tire Fig.E 4.46 shows 
three stages of compression. By increasing the number of stages of compression, 
that is by reducing (lie pressure ratio in each stage of compression, it is possible 
to closely follow the isothermal compression. In practice, multistage compressors 
are used to achieve higher compression ratios. 


Note A reversible adiabatic process is an i sent topic process. That is the entropy of 
the system remains constant when it undergoes a reversible and adiabatic process 
or s = constant w here s is the specific entropy of the substance. This fact will be 
shown while discussing the second law of thermodynamics. 

Example 4.47 

Calculate the specific entropy of wet steam of quality 0.8 at I bar pressure. 
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Solution : 

Read the following values from (he steam tables (Appendix-1) at I bar 
pressure. 

s, = 1 .3027 U/kg K ; Jjt = 7.3598 U/kg K 
where s, = specific entropy of saturated liquid, and 
s = specific entropy of saturated vapor. 

The entropy of a mixture of quality X is given by s = Xs f + ( I - X) s f 
= 0.8 X 7.3598 + 0.2 x 1.3027 = 6.1484 kJ/kg K 


Example 4.48 

If the specific entropy of wet steam at I00“C is 6.50 U/kg K, determine the 
quality of steam. 

Solution : 

Read the following values from steam tables at IOO"C. 
s, = 1 .3069 U/kg K ; = 7.3554 U/kg K 

We know that s = Xs f + (I - X) s f 

Therefore. 

6.50 = 7.3554 X + (I - X) 1 .3069 


or 


X = 


6.50-1.3069 

7.3554-1.3069 


= 0.8586 


Hence, the quality of wet steam = 0.8586 


Example 4.49 

A piston-cylinder assembly contains 0. 1 kg of steam at 4 bar and 300°C. If it 
is allowed to expand reversibly and adiabatically to a pressure of I bar, calculate 
the work done by steam. 

Solution : 

Read the following values from superheated steam tables at P = 4 bar and 
t = 300°C. 

v, = 0.6549 mVkg ; h, = 3067.2 U/kg ; j, = 7.5675 U/kg K 

We know that for a reversible adiabatic expansion s = constant. 

Therefore, s, = s, = 7.5675 U/kg K 

At I bar. we find from the saturated steam tables s = 7.3598 U/kg K. Since 
jj > s g , the final state of steam is superheated at 1 bar. From the superheated 
steam tables we find the following values at 1 bar. 
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/= 100-C 

1 = 200”C 

V 

1.6960 m'/kg 

2.1720 m'/kg 

h 

2676.2 U/kg 

2875.4 U/kg 

s 

7.3618 U/kg K 

7.8349 U/kg K 


Since Jj = 7.5675 U/kg K lies in between ihc values of j al I 00°C and 200”C, 
we dcicrminc Ihc Icmpeialure of Ihc slcani by imerpolalion as given below. 


ij= 7.5675 = 7.3618 + 


(7.8349-7.3(il8) 


Al 


200-100 

Al = 94.84 

Therefore, ihc final lemperaiurc f of sleam = 100 + 94.84 = I94.84°C 
(2875.4 - 2676.2) 


/i; (al 1 94.84°C) = 2676.2+- 

= 2865.12 U/kg 


100 


-94.84 


v I (a„94.84^)=l.6960 + < 2l720 |w l - 69W>) 94.84 
= 2.1474 m' /kg 

Ujtal I94.84"C )= h, - Av, = 2865.12x10' - 1 x 10' X2.I474 
= 2650.38 U/kg K 

u, = h, - P,v, = 3067.2 x I O’ - 4 x 1 0 5 x 0.6549 = 2805.24 kJ/kg K 
For an adiabatic process. W = -Au = u, - u 2 

= 2805.24 - 2650.38 = 154.86 kJ/kg 
Therefore, work done by 0.1 kg sleam = IS.486 U 


Example 4.511 

If superheated sleam al 10 bar and 300°C is allowed lo expand iscntropicully 
lo a pressure of I bar in a piston -cylinder assembly, calculalc Ihc amount of 
work that can be obtained per kg of steam. 

Solution : 

For steam at 10 bar and 300°C 

V, = 0.2580 m’/kg ; h, = 3052.1 U/kg ; j, = 7.1251 U/kg K 
«, = /»,- P,v, = 3052.lx 10' - 10 x 10' x 0.2580 = 2794.1 U/kg 






ISO 
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For isentropic expansion r, = r, = 7. 1 25 1 kJ/kg K 
At I bar. the following values are read from saturaled steam tables. 
v ( = 0.001 045 4 m’/kg ; v, = 1 .694 m'/kg 
= 4 1 7.54 kJ/kg ; h t = 2675.4 kJ/kg 
s t - 1 .3027 kJ/kg K;j < = 7.3598 kJ/kg K 
Wc find r,= 1 .3027 < j, - 7.1251 <*, - 7.3598 kJ/kg K 
Therefore, the final state is wet steam at I bar. Then wc find the quality of 
steam as 

*2= Xj4 r + (l - *,) J, 


or 




_ s 2 -s, 7.1251 - 1.3027 


7.3598-1.3027 


h 2 = X 1 h t + {l - X ; ) A, = 0.96 1 3 x 2675.4 4- ( I - 0.96 1 3) 4 1 7.54 
= 2588.02 kJ/kg 

v 2 = X J v > + (l -X J )v / =0.9613x 1.694 + (I -0.9613)0.001 043 4 
= 1.6285 m’/kg 

u, = h 2 -P 2 v 2 = 2588.02 x 10’- I x 10 5 x 1.6285 = 2425.17 kJ/kg 
For reversible adiabatic process W = -A u = u, - u, 
or W = 2794.1 -2425.17 = 368.93 kJ/kg 


Example 4.51 

What is a polylropic process and how does it reduce to other known 
processes ? 

Solution : 

If an ideal gas undergoes a reversible adiabatic process the path followed by 
the gas is given by Pv Y = constant and the work done is given by. 

vp = /to— S 1 i 
T-l 

These relations are quite convenient in engineering calculations and they 
can be easily extended to other processess also. In general, if a gas is exchanging 
energy, with its surroundings, in the form of work and heat, the process occurs is 
such a way that Pv" = constant, where n is a constant. A process which follows 
the path /V = constant is called a polytropic process. The work done in a polytropic 
process is given by 
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If ii. (he index of expansion is equal 10 y, Ihe process reduces lo a reversible 
adiabatic or isentropic process. Similarly. Ihe polytropic process reduces to other 
known processes as listed below. 

If n = 0 .Constant -pressure process 
n = I ; Constant -temperature process 
n = y ; Reversible-adiabatic process 
n = ~ ; Constant-volume process 

These processes are shown in Rg.E 4.51 on /’ versus v diagram. The lower 
right quardrant in the figure (considering the initial Mate as the origin) shows 
expansion ptoceses and the upper left quadrant shows the compression processes. 



Fig.E 4.51. Pressure versus volume diagram showing polytropic processes. 


Example 4.52 

In a piston-cylinder assembly one mole of air is compressed from the initial 
state 300 K and I bar till its volume is reduced lo 1/15 of its original volume. The 
compression process can be approximated as /V 12 ' = constant. Determine the 
(a) pressure and temperature of the gas at the end of the compression process ( b ) 
work done on the gas and (c) the energy transferred as heat. The air may be 
treated as an ideal gas. 

Solution : 

(a) The polytropic process follows the relation Pv ' 25 = constant. 
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*-fe) 

P.= IxIO'(I 5)'-' = 29.52 bar 


or />=/> |-L 

*7 


For an ideal gas 


3lU Oh or 7i = 'kZi 

T i h p \ v i 


or r , = «^(±j x300 . 59 0. 4 K 


lx 10 


(fc) Work done W~ , BSr,5 > 


8.314(300 - 590.4) 


1.25-1 

(c) The first law of thermodynamics gives 

du= dq-dw or Mi — u,=^- 

C r {T 1 -T,) = q-w or ;p-j<T 2 -7;) = 9 -h- 

«J7Wi) + w 
7-1 


= - 9657.5 J / mol 


, 8-314(590.4^300) 

1.4-1 

= - 3621.5 J/mol 

Fxumplc 4.53 

Sketch the Mollier diagram showing the essential features. 

Solution : 

The Mollier diagram (enthalpy versus entropy diagram) was introduced into 
engineering thermodynamics by Richard Mollier and hence it was named after 
him. The processes commonly encountered in engineering thermodynamics arc — 
constant volume, constant pressure, constant temperature, constant entropy etc. 
All these processes can be conveniently analyzed by using the Mollier diagram. 
The Mollier diagram shows the two phase region and the vapor region. It contains 
constant pressure lines, constant temperature lines and also the constant quality 
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lines in the iwo phase region. A schematic of a Mollier diagram is shown in 
Fig.E 4.53. 



Fig.E 4.53. Schematic of a Mollier diagram. 

It may be noted that 

1 . The constant temperature lines and constant pressure lines coincide in the 
two phase region. 

2. The constant temperature and constant pressure lines are straight in the 
two phase region. 

3. The constant temperature lines are usually curved in the superheat region 
but at increased temperatures they tend to become horizontal as the gas 
behavior approaches that of an ideal gas [h = h (D only]. 

4. The constant pressure lines are usually curved. 

5. In general or in most of the diagrams, the constant volume lines may not 
be shown. 

6. The saturation line corresponds to quality (X) is equal to one. 

7. The constant quality lines are usually marked as constant dryness fraction 
lines and they are approximately parallel to the saturation line. 

Example 4.54 

A piston- cylinder assembly contains 0.1 kg of superheated steam at faCC 
and 1 bar pressure. If 23 kJ energy is removed from the steam while the pressure 
is held constant, determine the final state of steam. Use the Mollier diagram to 
solve the problem. 
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Solution : 

Energy interaclinn ai constant pressure = - 23 kJ 
or </ = - 230 kJ/kg 

For a constant pressure proccvs 

</= - A, 

Tile schematic of the Mollier diagram is shown in Fig.H 4.54. The initial 
state of the steam lies at the intersection of / = I50°C line and P = I bar and it is 
shown as I . From the chart we read h, - 2780 kJ/kg 



Fig.E 4.54. Sketch for Example 4.54. 

Then q= h 3 — A, 

or - 230 = - 2780 or ft, = 2550 kJ/kg 

The final stale of steam should have h - 2550 kJ/kg and be at a pressure of I 
bar. Hence follow the constant pressure line of I bar till h = 2550 kJ/kg and the 
final state is represented as 2 in the figure. At the intersection of h = 2550 kJ/kg 
and P = I bar. we find X : = 0,95. Hence the final slate is wet steam of quality 0.95 
at I bar pressure. 


Kxumplc 4.55 

A piston-cylinder assembly contains 0.1 kg superheated steam at 5 bar and 
400"C. If the steam is allowed to expand reversibly and adiabatically at what 
pressure it will be available as dry saturated steam? Use the Mollier diagram to 
answer this question. 
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Solution : 

A schematic of the Mollier diagram is shown in Fig.E 4.S5. The initial stale 
of the steam is shown as I at the intersection of the lines P - 5 bar and / = TOOT'. 
We know that s, = .i, for a reversible and adiabatic expansion. Hence follow the 
vertical line (s = constant ) from point I till it intersects the saturation curve (shown 
as 2), At the point 2. read P - 0.3 bar. 



Fig.E 4.55. Sketch lor Example 4.55. 


Example 4.56 

What is a control volume? Why is it necessary to introduce control volume 
in the energy analysis of processes ? 

Solution : 

The first law of thermodynamics is the outcome of experimental observations 
on systems (that is a definite quantity of matter) or control masses. In engineering 
practice one deals with turbines, compressors, pumps, expanders, heat exchangers, 
reactors etc. where matter flows in and out of the equipment. In such cases it is 
extremely difficult to identify a definite quantity of matter and to follow the 
course of each such element of matter to perform the energy analysis. Therefore, 
it is necessary to have a different formulation of energy analysis. To analyze such 
flow processes the concept of control volume is introduced. 

A control volume is a region in space bounded by a closed envelope on 
which attention is focussed for the energy analysis. The boundary of the control 
volume many coincide with the physical boundary of the equipment or it may be 
in part a well defined physical boundary or all of it may be an imaginary envelope. 
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The envelope which encloses ihe control volume is called a control surface. The 
control volume is shown in Fig.E 4.56. The control volume need not be fixed in 
size as well as in shape. It may not be fixed in position also. However, in most of 
(he applications we deal with control volumes which are fixed in size and shape 
as well as fixed in position relative to the observer. 


Inllowol 

mass 



mass 

Fig.E 4.56. Sketch for Example 4.56. 

Example 4.57 

Compare and contrast the properties of a control mass and a contrpl volume. 
Solution : 


1 . Refers to a definite quanity of 
matter on which attention is 
focused. 

2. Bounded by a closed boundary, 
which may be real or imaginary. 

3. Boundary need not be constant in 
shape and size. 

4. Matter does not cross the 
boundaries of a control mass. 

5. Heat and work interactions are 
present across the system 
boundary. 


Refers to a defined region of space 
on which attention is focused. 

Enclosed by a control surface which 
may be real or imaginary. 

Control volume need not be constant 
in shape and size. 

Matter continuously flows in and out 
of the control volume 
Control volume can exchange heat 
and work through control surface. 
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Example -4.58 

Express Ihe law of conservation of mass for a control volume. 
Solution : 

Consider the control volume shown in Fig.E 4.58. 



Fig.E 4.58. Sketch for Example 4.58. 


dm : = mass entering the control volume in a time interval dt 
dm t = mass leaving the control volume in time interval dl 
m(r) = mass inside the control volume at time r 
m (r + dll = mass inside the control volume at time (r + dl) 
The law of conservation of mass gives 

m(t + dl) = mil)* dm l - dm r 

m( / + dt) - mil) = dm t - dm t 

mjt+dl)-m{t) dm, dm, 

dt dt dt 

in the limit dt -* 0. we gel 
dm 

— = m,-m. 


= rate of mass entering the control volume 
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in, = —jj~ - rale of mass leaving the control volume 

If the control volume has several inlets and outlets, the law of conservation 
of mass given by Eqn. (A) can be written as 

Stated in words, the law of conservation of mass is given by 
(Rate of accumulation of mass inside the control volume) = (Rate of mass 
entering the control volume) - (Rate of mass leaving the control volume.) 


Kxample 4 .51 

Steam at 5 bar and 4 TOC enters a control volume through a pipe of 10 cm 
diameter at a velocity 5 m/s and leaves the control volume at 4 bar and 375°C 
through a pipe of 5 cm dia. The steam flows through the pipe in a steady state. 
Determine Ui) the flow rate of steam in kg/s and the ill) exit velocity in m/s. 

Solution : 

(a) If the flow is in a steady state, there is no accumulation of mass inside 
the control volume. Then, the law of conservation of mass of mass reduces to 


m, = m 

We know that m = pAV = AV/v 

where p = density of the substance 

A = cross- sectional area of the pipe 
V = velocity 

From the steam tables, we read v = 0.61 72 mVkg at 5 bar and 400"C 
AV 

Then. ni, = p,AV i = — L 


= n 


<0-0* ]C S 

4 0.6172 


= 0.0636 kg /s 


Therefore the mass flow rale of steam = 0.0636 kg/s 


(ft) m, = m, = 0.0636 kg/s 

m , = ftAr'r = ~~~ 
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From the steam tables at 4 bar we find v = 0.6549 111 '/kg at 300“C and 0,7725 
m'/kg at 400“C. We interpolate between these two values to find v at 375 "C. 


v j = 0.6549 + 


(0.7725 - 0.6549)75 
100 


= 0.7438 m'/kg 

n,, = VL 


or V, 


m,v, 0.0636x0.7438 
A, it (0. 05 1 2 / 4 


24.09 m/s 


Therefore, the exit velocity of steam = 24.09 m/s 


Example 4.60 

Starting from the known form of the first law of thermodynamics for a control 
mass, derive the general form of the first law of thermodynamics for a control 
volume. 

Solution : 

Consider the control volume shown in Fig.E 4.60. 



Fig.E. 4.60. Schematic of a Control-volume for energy analysis. 


Let 

ni t = mass flow rate into the control volume 
m e = mass flow rate out of the control volume 
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V. = flow velocity at the inlet of the control volume 
V e = flow velocity at the exit of the control volume 
Z, = elevation of the inlet of the control volume 
Z c = elevation of the exit of the control volume 
/*, = pressure at the inlet of the control volume 
P t = pressure at the exit of the control volume 
v, = specific volume at the inlet of the control volume 
v, = specific volume at the exit of the control volume 
Q - rate of energy flow as heat into the control volume 
W t = rate of shaft work done by the control volume 
m(r) = mass inside the control volume at time r 
mil + dt) =mass inside the control volume at time fr + dt) 

e i = (u ( + V//2 + gZ) - specific energy of matter at the inlet of the control 
volume 

e r = (u r + v, ! /2 + gZ € ) = specific energy of matter at the exit of the control 
volume 

e(r) = specific energy of mailer inside the control volume at time I 
e(r + dt) - specific energy of matter inside the control volume at time (r + dr) 
To apply the first law of thermodynamics for a control mass we should choose 
the control mass or system. That is we should identify a definite quantity of 
matter and focus our attention on it. In other words we should choose the boundary 
of a system such that it always contains a fixed mass and the boundary may 
change its configuration. The continuous flow of mailer can be considered as a 
sequence of a large number of events taking place and each event takes a 
differential time dl. Now let us choose the control mass (system) at lime r as the 
sum of the mass inside the control volume at time r and (he mass which is about 
to enter the control volume in the differential time dl which is occupying the 
region marked as A in Hg.E 4.60. That is the boundary of the system at time r 
constitutes the control volume and the region A. 

Mass of system at time r = mfr) + m, dt 

During the differential lime dt, the mass in the region A enters the control 
volume and some mass leaves the control volume and occupies region B. 
Therefore, the system at time (r + di) is defined as the sum of the mass inside the 
control volume at time (r + dl) and the mass in the region B. In other words, the 
system boundary at time (/ ♦ dl) includes the control volume and the region B. 
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Then mass of system at time (t + dl) = m(i * dl ) + m, dl. 

Since the mass of the system remains constant, it is necessary that 
m(r) + „j.dr = m(r + dl) * m, dl 

Energy of the system at time r = £, = mil) ell) +ni, e.dl = E(l) + m, ,-di 
Energy of system at timed + dl) = E, = m(r + dl) Hi * dl) + m, edi 
= Ell + dl) + m, edl 

where E (r) = energy of the matter in the control volume at time r 
Ell * dl) = energy of the matter in the control volume at time (r + dl) 

To accomodate the mass in region A(= m,di) in the control volume, the mass 
inside the control volume has to be compressed such that its volume decreases 
by the amount m, v, dl. This is accomplished by the pressure acting on the 
material at the inlet of the control volume. Therefore, the surroundings are doing 
work on the system. 

Work done by system while mass enter the control volume = -Pv.rii/dt 

During the differential time dl the mass m r dl leaves the control volume at 
the exit. By similar reasoning, we can obtain the work done by the system while 
mass leaves the control volume. 

Work done by system while mass leaves the control volume = P r v r m f dt 

The shaft work delivered during the differential time dr = B'dr 
Therefore, the total work done W is given by 

W= W,di +Pv r m,dl - Py, m, dl 

The energy transfercd as heat Q during the differential time dl is given by 
(?= Qdt 

The first law of thermodynamics is given by 
E,-E,= Q-W 

Substituting for E v E r Q and W in the above equation, we get 

|£(r + d/) + m, e ( dr) - |£<r)+ m, cdr| 

= Qdt- \ W, dl + Pvm r di - P,v, mdi ) 
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or m,( «•,+ PvJ - m, It, + P,v,) = Q -W,- 
In the limit ill -* 0 , we get 


E(l+di)-E(l) 


V; 1 

V 1 


«, + y+«Z| + /;v ( . 


Q -H' - 


•IE 

ell 


or + ^ + j-m^ + .Y + g^O-ty- 

Which is the required first law of thermodynamics fora control volume. 

In the above expression A, = u, + P,v, = specific enthalpy of the substance at 
the inlet to the control volume 

li r = u r * P,V, = specific enthalpy of the substance at the exit of the control 
volume 

The first law of thermodynamic for a control volume (given above) can be 
rewritten as 


</£ 

di 


or. slated in words 

(Rate of energy accumulation in the control volume) = (Rate of energy flow 
into the control volume) - (Rate of energy flow out of the control volume) 


Example 4.61 

What conditions arc implied if the flow is termed as steady slate steady 
flow ? 

Solution : 

If the control volume is operating in steady state conditions, then there arc 
no changes inside the control volume with time. That is 
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The steady flow situation arises when hr, and m r do not change with time. In 
the case of steady stale, steady flow there is no accumulation of mass and energy 
inside the control volume. Thai is 


in, = hi = m and — = 0 
ill 

In the case of steady state, steady flow the raw of energy transfer as heal 
Q and work IV, are constant. That is 

Q - constant and IV, = constant 


Example 4.62 

Many of the engineering devices like turbines, compressors, pumps, etc. 
operate at steady stale steady flow conditions. An analysis of steady state flow 
processes is useful in designing and evaluating the performance of such devices. 
Reduce the general expression for the first law of thermodynamics for a control 
volume so that it can he directly used in the energy analysis of steady state, 
steady flow processes. 

Solution : 

The general expression for the first law of thermodynamics for a control 
volume is given by 

V 2 V 2 

m, + gZ,)+m(/\ +-^+gZ,) 


If the flow is characterized as steady slate, steady flow then 


in, = m, = m and . tlF./ili-O. 
Hence, the above expression reduces to 



Example 4.63 

In a thermal power plant operating in steady state an adiabatic steam turbine 
receives I kg/s of superheated steam at 3 MPa and 400°C. The steam enters the 
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turbine with a velocity of 10 m/s at an elevation of 10 m above the ground level. 
The steam leaves the turbine at 0.1 bar with 10% moisture content. The velocity 
of the steam at the exit is 30 rr 'i and the exit is at an elevation of 4 m above the 
ground level.Calculate the power output of the turbine. 

Solution : 



Fig.E 4.63. Sketch for Example 4.63. 

Choose the turbine as the control volume as shown in Fig.E 4.63. 

m =1 kg/s;V,= 10m/s;V, = 30m/s 
Z = 10 m ; Z t = 4 m 

X ' = 0.9 (Since 10% moisture content is specified) 

Q = 0 (Since the turbine is adiabatic). 

Read the following values from the steam tables. 

At P = 3 MPa and t = 400°C ; h, = 3232.5 kj/kg 
At P = 0. 1 bar ; h f = 191.83 kJ/kg ; h f = 2584.8 Id/kg 
The first law of thermodynamics for a control volume operating in steady 
state steady flow is given by 

V 2 V 2 * O — W 

Ih , .+ -f + *Ze)-(* + -f- + KZ.) = i 

4 cm 

This equation con be rearranged as 

V 2 V 2 /) _iy 

<*.-*)+<-£— f)HgZ'-gZ,)=*— (A) 
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h t = XJi t + {l - X ') h,= 0.9 X 2584.8 + 0.1 x 191 .83 = 2345.5 kJ/kg 
Substituting the values of h r .h l .V r .\ l ,Z r .Z l . Q and in Eqn (A), we get 
/i 0 2 _ |0 2 t 

(2345.5 - 3232.5) x 10* + 1 + 9.81(4 - 10) = - W % 

or - 887 x 10-' + 400 - 58.86 =— 

or W, = 886.66 kW 

Power out|Hit of the turbine = 886.66 kW 

Example 4.64 

In Example 4.63 what percentage error will be introduced by ignoring the 
changes in ( a ) kinetic energy and ( b ) potential energy terms? 

Solution : 

la) Refer Example 4.63. In that example we find 
(1/2) (V 3 , — V 2 ; )= 400 J/s 

g(Z, - Z) = - 58.86 I/s 
(h r -h')= - 887 x I O’ J/s 
IV, = 886.66 kW 

- IV, = (A, - A,) + ■* g IZ, - Z.) 

If the changes in kinetic energy in ignored. 

- IV, = - 887 x 10' - 58.86 = - 887.06 kW 

or VV, = 887.06 kW 

Therefore, percentage error due to neglecting the kinetic energy terms 

= (887.06 - 886.66) x j qq . 0.045 % 

886.66 

(A) - W, = -887 x IO' + 400 = -886.6 kW 
or W, = 886.6 kW 

Percentage error due to neglecting the potential energy terms 
= ( 886 . 66 — 886 . 6 ) x|00 , a|X|68% 


886.66 



ENGINEERING THERMODYNAMICS THROUGH EXAMPLES 


Note The changes in the kinetic energy and potential energy terms are negligible 

compared to the change in the enthalpy. The omission of the kinetic energy and 
potential energy terms in the analysis of turbines introduces an error of the order 
of 0.05%. Hence, it is legitimate to ignore the changes in the kinetic energy and 
potential energy while analyzing the performance of turbines. 

Example 4.65 

Apply the firs! law of thermodynamics for a conlrol volume and derive a 
simple relation to analyze the performance of an adiabatic turbine operating in a 
steady stale. 

Solution : 

The first law of thermodynamics for a control volume operating in steady 
state is given by 



Adiabatic turbine » Q = 0 

Ignore changes in the kinetic energy and potential energy terms. That is 1/2 
(V 3 t - V 3 ) = 0 and g (Z, -Z) = 0. Then Eqn.(A) reduces to IV, / m = h t - h t 

Thus, in an adiabatic turbine operating in a steady state the work done, per 
unit mass of the fluid flow ing through it, is equal to the decrease in the specific 
enthalpy of the fluid. 

Example 4.66 

An adiabatic turbine operating in a steady state is supplied with 10 kg/s 
superheated steam at 30 bar and 350“C. If the steam leaves the turbine at 5 kPa 
with 1 55P moisture content, estimate the power output of the turbine. Ignore KE 
and PE change and use the Mother diagram to slove the problem. 

Solution : 

The first law of thermodynamics for an adiabatic control volume operating 
in steady state is given by 

W t = m Ih'-h,) 

when changes in KE and PE are ignored. The process followed by the steam 
in the turbine is shown as i-e on the Mother diagram in Fig.E 4.66. 

Locale the inlet state i and the exit state e of the steam as shown in 
Fig.E 4.66 and read A ( = 3 1 10 kJ/kg and h, = 2200 kJ/kg. 
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Then IV, = m (6, -h f )=lO (31 10- 2200) x I0 3 = 9.1 MW 
Power output of the turbine = 9.1 MW. 



Fig.E 4.66. Sketch for Example 4.66. 

Example 4.67 

Compressors and pumps are devices in which work is done on a fluid which 
results in an increase in the pressure of the fluid. Usually compressors are used 
for gases and pumps are used for liquids. In these devices the fluid flows in and 
out. Apply the first law of thermodynamics for a control volume and develop an 
expression to estimate the work input to these devices. 



Fig.E 4.67. (a) Centrifugal flow compressor/pump. 
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Control surface 


Fig.E 4.67. (6) Axial flow compressor 

Solution : 

Schematics of cetrifugal flow compressor/pump and an axial flow compressor 
ace shown in Fig.E 4.67. In these devices the potential and kinetic energy changes 
can be ignored. The first law of thermodynamics for a control volume operating 
in steady state is given by 



Ignoring the KE and PE changes, we get 



Further, if the device is adiabatic, the above equation reduces to 



That is. the power consumed by the device per unit mass of the fluid flowing 
through it is equal to the increase in the specific enthalpy of the fluid. 


Example 4.68 

In an air-conditioning plant, saturated Freon- 1 2 at -20“C with a quality of 
0.8 enters an adiabatic compressor and leaves as saturated vapor at 40“C. If the 
flow rate of Freon- 1 2 through the compressor is one kg/s. estimate the power 
input to the compressor. 
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Solution : 

The thermodynamics properties of Freon -12 are 



A/kJ/kg) 

A, (kj/kg) 

-20 

17.9517 

178.9017 

40 

75.1134 

203.1063 


h,= X l h K + 0 -X 1 )/i / =0.8x 178.9017 + 0.2x 17.9517 
or A,.= 1 46.7 1 1 7 kJ/kg and h. = 203. 1 063 kj/kg 
We know that for an adiabalic compressor 

- W t /m = h r - A i, or- W,= 203.1063- 146.7117 
= 56.395 kW 

Hence, power inpul to the compressor = 56.395 kW 

Example 4.69 

In an adiabatic compressor operating in steady slate, the fluid enters at P v v t 
and leaves at P 2 and v 2 . Show that the work done on the compressor is given by 
2 

VF = -J Pdv. Sketch the P-v diagram and represent the work done on the 

compressor. Also compare the workdone on the compressor with the work done 
had the gas been compressed in a cylinder-piston assembly. 

Solution : 

The First law of thermodynamics for an adiabatic control volume operating 
in steady slate is given by 

h r - /i ( = - W, /m or dh = - dW t (considering m = I ) 
or Ju + Pdv + vdP = -dW_ (A) 

Considering the mass undergoing the compression as our system, we can 
write the First law of thermodynamics as 

du= dq-dW or du = - dW = - Pdv (B) 

(Since dq = 0 for an adiabatic process) 

Substituting Eqn.(B) in Eqn.(A), we get 

- dW, = du + Pdv + vdP = - Pdv + Pdv + vdP = vdP 
or dW, = - k IP or )V, = -J vdP (O 
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That is, Ihe work done in a flow process is given by Ihe area under ihe curve 
when v is plotted against P. The compression process in a flow device is shown in 
Fig.E 4.69 («l and the shaded area represents the work done on the compressor. 




(o) <*) 


Fig.E 4.69. 

(a) P-v diagram for compression in a flow process 

(ft) P-v diagram for compression in a piston-cylinder assembly or non flow process 
The shaded area represents the work done. 

In Fig.E 4.69 (h) the shaded area represents the work done in the case of 
compression in a piston-cylinder assembly. In other words, the flow work is 
given by -jvdP and the non flow work is given by jPdv. 


Example 4.70 

111 a thermal power plant a feed pump receives saturated liquid water at 30“C 
and delivers it to a boiler at 30 bar. Assuming that liquid water is incompressible 
and the pump is adiabatic, estimate the work input to the pump per kg of liquid. 
Solution : 

We know that the work done by an adiabatic pump is given by 


IV - 



If liquid water is treated as incompressible v = constant. From the steam 
tables we obtain the following data for saturated liquid water at 30“C. 

v,= v ( = 0.001 004 3 m'/kg ; P. = 0.042 41 bar 
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Then - - ji-dP =■ - v, (/», - P,) 

p 

or -W, = v, (/•,-/■,) =0.001 004 3 (30 - 0.042 41) X 10' 

= 3.009 kj/kg 

Example 4.71 

In many steady stale flow processes a need arises to increase the velocity of 
the fluid. A device which increases the velocity and hence the kinetic energy of a 
fluid at the expense of energy (enthalpy) is called a nozzle. Starting from the 
general form of the first law of thermodynamics for a control volume, derive a 
relation to evaluate the performance of a nozzle. 

Solution : 

A schematic of a nozzle is shown in Fig. 1: 4.7 1 . 



Fig.E 4.71 Schematic of a nozzle. 

The general form of the first law of thermodynamics for a control volume 
is given by 



Consider an adiabatic nozzle operating in steady state steady flow. Then 
Q =0 (Adiabatic nozzle) 

d£/dt = 0 (No accumulation of energy since it is operating in steady state). 
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m, = in, (steady flow) 

W s = 0 (Nozzle does not produce any shaft work) 

Then Eqn.M) reduces to 

[/ t +^+*Z f J-[* + ^ + *Z,j=0 (B) 

The change in polcnlial energy g(Z r - Z,) can be ignored. However, Ihe change 
in kinclic energy cannol be neglected since the primary objective of the nozzle is 
to increase the llow velocity. Then Bqn.(B) reduces to 

< v *»“ v V 0 2(*|-V 


Example 4.72 

Dry saturated steam at 5 bar enters an adiabatic nozzle at a velocity of 2 m/s 
and leaves as dry saturated steam at 2 bar. Calculate the exit velocity of the 
steam. 

Solution : 



Dry saturated steam 
2 bar 

► 

h = 2706.3 t(J /kg 
V..? 


Flg.E 4.72. Sketch for Example 4.72. 

From steam tables we read the specific enthalpies of the inlet and exit 
steam as 

It, - 2747.5 kj/kg (Dry saturated steam at 5 bar) 
h € = 2706.3 kJ/kg (Dry saturated steam at 2 bar) 

We know that for an adiabatic nozzle 
V*,-V* « 2 <*,-*,) 
or V\ — 4 = 2(2747.5 - 2706.3) X 10' 
or V r = 287.06 m/s 
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Example 4.73 

Suppose an ideal gas ai P and T enters a reversible and adiabatic nozzle with 
negligible velocity and leaves at pressure P r . Derive an expression to estimate 
the exit velocity. 

Solution : 

We know that for an adiabatic nozzle 


V; - V; = 2 (A, -ft,) 

For an ideal gas ft = htTt only. Therefore 
ft, -ft,- C r (T r T,) 

For an ideal gas undergoing reversible and adiabatic expansion 



7) 



or T, = Ti 


Substituting Eqns IB) and (O in Eqn.M) we get 


M) 

<«l 


1C) 



If the gas enters the nozzle with negligible velocity. V ( = 0. Then 



Example 4.74 

Air (ideal gas withy = 1.4) at 4 bar and 350 K enters a reversible and adiabatic- 
nozzle with negligible velocity and leaves at I bar. Calculate the velocity and 
temperature of the air leaving the nozzle. The molar mass of air is 29 x 10'' kg/ 
mol. 


Solution : 
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or 


0.4 

r = 350^ j U = 235.5 K 




Ry 8.314x1.4 
Y-l 0.4 


29. 1 J/mol K 


or ' C, = — = I.00J4 kJ / kg K 
' 29x10-' 

V,’ - v, 1 = 20t, - \) = 2 C/T, - T,) 

V, = J2C P (T,-T r ) 

= Jlx 1 .0034 x I0'(350- 235.5) 
= 479.35 m/s 


Example 4.75 


One of Ihe most imponam steady flow devices of engineering interest is a 
heat exchanger. The heat exchangers are used to heat certain fluids while cooling 
some other fluids in a process industry. In steam power plants, the heat exchangers 
arc used as condensers. A thermodynamic analysis of heat exchangers in quite 
important. Apply the first law of thermodynamics for a control volume for a heat 
exchanger operating in steady state and obtain a relation to evaluate its 
performance. 


Fluid B 

m <.' h t. 



Control surface 


A schematic of a heat exchanger is shown in Fig.E 4.75. The hot fluid enters 
the heat exchanger at the inlet i, and leaves at exit e,, while the cold fluid enters 
the device at inlet i 2 and leaves at exit e,. The first law of thermodynamics for the 
control volume with multiple inlets and exits in given by 
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Z'M\+y+*z,>-X^+^+K2i)=G W) 

_ </£ 

For steady Sale operation — = 0. 

ill 

It is legitimate to ignore KE and PE changes. A heat exchanger docs not 
deliver any shaft wort and hence IP, = 0. Moreover, if the heat exchanger is 
adiabatic, Q =0. Then Eqn.(A) reduces to 
X m r h r - X mfy = 0 
or ntfah/u + m Rr^Rt - 

or h Al = ritg,hg> - m B , Ag, ill) 

Since the fluids do not mix in the heat exchanger, we have 

"Me = = an<l nl Hr ~ "*ft = m B 

Therefore. Eqn (II) reduces to 

_ K ) = - h B, ) 


Example 4.76 

Another important type of equipment is an adiabatic mixer. It is quite often 
used in thermal power plants where steam is mixed with liquid water to preheat 
the water before it is fed to a boiler and this equipment is usually called open 
feed water heater. In air conditioning plants chilled air coming from different 
units is fed to a common duct. 

These devices have several inlets but the mixture leaves through a single exit 
only. Consider an open feed water heater shown in Fig.E 4.76 and apply the first 
law of thermodynamics for a control volume to this device. 

Solution : 

The first law of thermodynamics tor a control volume in sleady state operation 
is given by. 

X m .-(Ar + -^- + S Z c>-X' n M + ^- + * z ^ = C -*H M) 

In an adiabatic open feed water heater there is no shaft wort (IV, = 0) and Q 
= 0. One can ignore changes in KE and PE. Then applying Eqn. (A) to the control 
volume shown in Fig-E 4.76. we get 
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m " /n i^i “ m 2^*2 ~ ^ 

or m 3 h i = m l h l + mji 2 ( B ) 

The law of conservation of mass gives 

m,= »»i| + /Bj 

Therefore. Eqn.(fi) can be rewritten as 
tm , + m 2 V» 3 = ,n, + m 
or /,,= ■ l a - & . t . B-S l 


m, , ft, Inlet lor water 


Control surface 



FtgE. 4.76. Schematic of an open feed waler healer. 


Example 4.77 

In a .'leant power plant dty saturated steam at 10 bar is mixed with liquid 
water at 10 bar and 30“C such that the resulting liquid is saturated liquid at 10 
bar. Determine the ratio in which the steam and liquid water are fed to the open 
feed water heater. 

Solution : 

Sec Fig.E 4.76 for a schematic of the open feed water heater. We know that 
m , + m 2 = m , and (A) 

I m | + m 2 Wtj = m ,/t, + m 2 h 2 (6| 
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From steam tables, wc obtain 

h, (liquid water at 10 bar. 30“C) = 125.66 kj / kg 

(Enthalpy of compressed liquid water at .WO s (Enthalpy of saturated 
liquid water at 30°C) 

h, (Dry saturated steam at 10 bar) = 2776.2 kJ / kg 

A, (Saturated liquid at 10 bar) = 762.61 kJ / kg 

Let m ! = I kg /s then Eqn. (fl) gives 

(I + m,) 762.61 = I25.6(. + m , (2776.2) 
or m j = 0.3163 kg/s 

Therefore, m Jm , - 0.3163 

Hence 0.3163 kg of dry saturated steam at 10 bar is mixed with every kg of 
liquid water at 10 bar and 300 

Example 4.78 

Define the Joule-Thomson (or Joule-Kelvin) coefficient. 

Solution : 

The Joule-Thomson (or Joule-Kelvin) coefficient is defined as 
\l„= 0 773 P) t 

That is the slope of an isenthalpic curve is called the Joule-Thomson 
coefficient. 

Example 4.79 

Describe the porous plug experiment of Joule and Thomson and what 
conclusion can be drawn from the results of porous plug experiment ? 

Solution : 

The porous plug experiment was designed by Joule and Thomson (or Lord 
Kelvin) in 1853 to measure the temperature change in a fluid flowing in a steady 
stale through a porous plug. A schematic of the apparatus used by Joule and 
Thomson is shown in Fig.E 4.79. It consists of a long insulated and horizontal 
pipe in which a porous plug is placed. A gas at known pressure P t and T i enters 
the pipe and leaves at pressure P r and 7\ The upstream and down stream pressures 
are maintained at constant values. 

Consider the control volume shown in Fig.E 4.79. The first law of 
thermodynamics for a control volume gives 
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Thermometers 



Control surface 


Fig.E 4.79. Schematic of poruu* plug apparatus 

V- V 2 AF 

m r (h e + -f*gZ,)-m,(h,*-t- + s Z,) = Q-W,- — Ml 

2 2 dt 

dE „ 

Steady state steady flow : — — = 0 ; m, — m, 
dl 

Insulated pipe : Q = 0 No shaft work is involved : W, = 0 

Horizontal pipe :Z € = Z t 

When the fluid flows through the porous plug from high pressure fo low 
pressure, it is associated with a change in the flow velocity. However, the change 
in the flow velocity is negligible. Therefore, one can assume that V r = V, Then 
Eqn. (A) reduces to 

h ,= \ 

Therefore, whenever a fluid espands from a region of high pressure to a 
region of low pressure through a porous plug or a partially opened valve or some 
obstruction, without exchanging energy as heat and work with the surroundings, 
the enthalpy of the fluid remains constant. The process described above is called 
throttling. Hence throttling process is an isenlhalpic process. Joule andThomson 
measured the temperatue of the exit fluid at various downstream pressures while 
the upstream conditions are held constant. 

Example 4.80 

What is an inversion point and what is an inversion curve ? 

Solution : 

The Joule-Thomson coefficient (l^can be positive, negative or zero. Usually 
the value of \t n changes with pressure and temperature. The point at which \t n - 
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0 is called an inversion point.That is ai ihe inversion poinl (specificed by pressure 
and lemperalure) Ihe Joule-Thomson coefficient changes its sign from negative 
to positive or positive to negative. The locus of all the inversion points is called 
Ihe inversion curve. 

Example 4.81 

Sketch the iscnthalpic curves for a gas and show the inversion curve. What is 
the significance of Joule-Thomson coefficient ? 

Solution : 

In Ihe Joule -Thomson experiment, if one measures the exit temperature of 
the gas at different exit pressures, for a given values of inlet pressure and 
temperature and plots the results on temperature versus pressure diagram, he 
gets an isenthalpic curve. Since inlet conditions. P f and T are held constant the 
enthalpy of the gas for all the measured conditions (P r and 7 ) is constant. If the 
experiment is repeated with several inlet conditions, one obtains several isenthalpic 
curves as shown in Fig.E 4.81 . 



Fig.E 4.81. Iscnlhalpic curves of a real gxs. T and P represent the down stream 
conditions. 

From Fig.E 4.81 we find that gy, > 0 to the left of the inversion curve. If 



ENGINEERING THERMODYNAMICS THROUGH EXAMPLES 


there will be a decrease in temperature of the gas when it is throttled (A P < 0). 
Therefore, the region of ii n > 0 represents the region of cooling. That is. if a real 
gas is subjected to a throttling process at the conditions falling in the region of 
\Xj t > 0. the gas will be cooled. p , r <0 to the right of the inversion curve and this 
region denotes the region of heating. That is, if a real gas is throttled such that its 
state lies to the right of the inversion curve, it gels heated. 


Example 4.82 

How does a knowledge of the inversion temperatures of a gas help an 
engineer? 

Solution : 

For almost all gases at ordinary temperatures and pressures. |t yr > 0 and the 
maximum inversion temperature is above room temperature. However, for gases 
like hydrogen, helium and neon the maximum inversion temperature is much 
below the room temperature. For hydrogen, the maximum inversion temperature 
is 200 K and for helium the maximum inversion temperature is 24 K. If hydrogen 
is throttled at temperatures greater than 200 K. the temperature of the gas increases. 
To liquefy hydrogen by throttling, it is necessary to cool hydrogen to a temperature 
below 200 K. before it is throttled. This is usually accomplished by cooling 
hydrogen with liquid nitrogen. Similarly, in the production of liquid helium by 
throttling, the initial temperature of helium should be below 24 K. Hence it is 
usually cooled with liquid hydrogen prior to throttling. A knowledge of the 
inversion temperatures and inversion curses of real gases is of considerable 
importance in the design of refrigeration and liquefaction equipment. 


Example 4.82 

Describe the Linde process for the liquefaction of gases. 

Solution : 

When a real gas at high pressure is throttled to a low pressure, its temperature 
decreases. Linde made use of this principle for the liquefaction of gases. A 
schematic of the Linde process is shown in Fig.E 4.83. The gas to be cooled is 
compressed to a high pressure in a multistage compressor with inlcrcooling. 
Then the high pressure gas flows through a counter current heal exchanger in 
which it is cooled by the cold gas leaving the separator. The cooled gas is throttled 
to a low pressure which results in the liquefaction of a part of the gas. Then the 
mixture enters a separator where the gas is separated from the liquid and the cold 
gas is recirculated through a heat exchanger in which the incoming gas is cooled. 
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Fig.E 4.83. Schematic of Linde process. 


Example 4.84 

What is a throtlling calorimeter and how is it used ? 

Solution : 

A throttling calorimeter is a device w hich is used to measure the quality of 
wet steam. This calorimeter is based on the principle of throttling. A pan of the 
wet steam flowing through a pipe is throttled to a low pressure, usually atmospheric 
pressure, in a throttling calorimeter as shown in Fig.E 4,84. 

After throttling the steam becomes superheated. The temperature and pressure 
of the steam in the calorimeter arc recorded. Knowing the values of P and T of 
steam in the calorimeter one can determine ils enthalpy. Since throtlling is an 
isenthalpic process, the enthalpy of steam in the main line is equal to the enthalpy 
of steam in the calorimeter. Knowing the enthalpy and pressure in the main line 
one can determine the quality of steam by making use of the relation. 
h = A = Xh f -Ml - X,)h t 
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Example 4.85 

A throttling calorimeter is used to measure the quality of wet steam at 20 bar. 
The steam is throttled through a calorimeter. The pressure and temperature in the 
calorimeter arc 1 bar and I30°C, respectively. Calculate the quality of steam. 
Solution : 

/i,(at I bar and 130°C) = 2735.96 kJ/kg 
(obtained by interpolating between 100°C and 200"C) 

At 20 bar: h , = 908.59 kJ/kg ; h g = 2797.2 kJ/kg 
h, = A, = Xft t * (I - X)h, 
or 2735.96 = 2797.2 X, + ( I - X,) 908.59 


or 


2735.96 - 908.59 
2797.2 - 908.59 


0.9675 


Therefore, the quality of wet steam = 0.9675 


Example 4.86 

Rework Example 4.85 using the Mollier diagram. 

Solution : 

The Mollier diagram is shown in Fig.E 4.86. The steam in the calorimeter is 
at 1 bar and 130“C. Hence, locate the point of intersection e of the P = 1 bar line 
and the r = 1 30°C. Since enthalpy is constant during throttling, draw a horizontal 
line from point e and find the point of intersection i of this line with P = 20 bar 
line as shown in Fig£ 4.86. Then read the value X = 0.9675 (interpolation is 
needed between 0.96 and 0.97). 
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Fig.E 4.86. Sketch for Example 4.86. 


Example 4.87 

Explain why the measurement of P and T docs nol provide information about 
[he quality of wet steam whereas measurement of P and T after throning enables 
one to determine the quality of steam. 

Solution : 

Wet steam contains both the liquid and vapor phases. In a single component 
system when both the liquid and vapor phases coexist in equiibrium. there is 
only one degree of freedom. That is P and T are not independent of each other. If 
P is specified iLs temperature will be the saturation temperature at that pressure. 
The system may be present as saturated liquid only or saturated vapor only or 
any arbitrary mixture of saturated liquid and saturated vapor. Hence it is not 
possible to determine the quality of wet steam by measuring its pressure and 
temperature. On the other hand, if the wet steam is throttled such that the final 
slate is superheated steam, the state of the superheated steam (single phase) can 
be completely determined by measuring two independent variables P and 7'.ln 
particular, the enthalpy of the steam has a definite value. Since enthalpy is an 
extensive property, it depends on the amounts of liquid and vapor present in the 
mixture. Therefore, a knowledge of enthalpy and cither saturation pressure or 
saturation temperature will enable one to detctminc the quality of wet steam. 


Example 4.88 

What arc the characteristics of a transient flow process ? 
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Solution : 

Many processes of imeresl lo an engineer involve unsleady flow. During the 
slanup or shut down of turbines, compressors and while charging and discharging 
of tanks the flow is transient. In transient flow processes, the properties of the 
fluid change with time. The mass flow rates into and out of the device are not the 
same and there is accumulation of mass as well as energy in the device. 
Kxumplc 4.89 

Suppose a gas cylinder initially containing a gas of mass m 0 is connected to 
a supply line through which the same gas at temperature T and pressure P is 
flowing and the cylinder is filled with the gas till the gas pressure in the cylinder 
rises to P. It is required to determine the final mass of gas in the cylinder and its 
temperature. Analyse the problem through control rpass analysis. 



Fig.E 4.89. Control-mass for charging of a cylinder. 

Solution : 

Let m 0 = initial mass of gas in the cylinder 
ni, = final mass of gas in the cylinder 
P = pressure of gas in the supply main 
v = specific volume of gas in the supply main 
u = specific internal energy of gas in the supply main 
u„= initial specific internal energy of gas in the cylinder 
H ( = final specific internal energy of gas in the cylinder 
Q = amount of energy transferred as heat into the cylinder 

For control mass analysis one has to clearly identify the control mass or 
system. That is the mass of the system should remain constant all the time, but 
the configuration of the boundary enclosing the system may change. Therefore, 
we choose the system such that it contains the same mass of gas m ; . The system 
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boundary is shown in Ihe Fig.E 4.89. Initially ihe syslem conlainsm 0 mass of gas 
in ihe cylinder and (m, - m a ) mass of gas in Ihe supply main. As Ihe process 
proceeds, the mass of gas ( m,- m 0 ) enters ihe cylinder and ihe syslem boundary 
finally coincides wilh ihe physical boundary of ihe cylinder. Thai is the boundary 
configuration undergoes a change. 

The energy of ihe syslem before Ihe sian of the filling operation E t is Ihe 
sum of Ihe energy of Ihe gas of mass m 0 in the cylinder and the energy of the 
mass of Ihe gas (m, - m„) in Ihe supply line. Thai is 
f, = /ryr 0 + f m,- m 0 ) u 

Energy of Ihe system al Ihe end of ihe filling process. E : is given by 



For the mass of gas fm, - m 0 ) 10 emer ihe cylinder, ihe syslem boundary has 
lo be collapsed reducing iis volume by fm, - m 0 )v. This is done by the pressure P 
of ihe gas in the supply line Thai is Ihe surroundings does work on ihe syslem in 
pushing ihe gas into ihe cylinder. Therefore. Ihe work done IV by ihe syslem is 
| V=-lm r m n )v 

(Note that work is done on ihe syslem and hence a negative sign is inlroduced) 
The first law of thermodynamics gives 
£,-£,= Q- IV 

or m / u / - [nyin + (m, - m 0 )w] = Q - [-<m, - m 0 ) Pv] 
or m f u f - <vi 0 = Q + <m ( - m„) (u + Pvl = Q + fm, - m„) h 
or fm / -m 0 )A= m,u,-m n « 0 -e (A) 

where h = 11 + Pv = specific enthalpy of gas in Ihe supply line. 


Example 4.90 

Rework Example 4.89 through control volume analysis. 

Solution : 

The charging of a cylinder is a transient flow process and il can be most 
conveniently analyzed through control - volume approach. Choose the cylinder 
as Ihe control-volume as shown in Fig.E 4.90. 

The general form of the first law of thermodynamics for a control volume is 
given by 

h ' r ( h , + -T-*x2 r )-m i (h l +^- + nZ i ) = Q - IV (A) 

2 2 al 
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While charging a cylinder the gas enlers Ihe cylinder only but no gas leaves 
the cylinder. Therefore m, = 0. No shaft work is associated with the control 
volume. That is W =0. It is reasonable to ingorc the kinetic energy and potential 
energy changes. Then Eqn.(d) reduces to 



0 


Fie.B4.90 Control volume for charging of a cylinder. 

where m and u denote the mass of gas and specific internal energy of gas 
inside the control volume at time r, respectively. Since the conditions, inside the 
supply line remain constant all the time h l = constant. Then Eqn.(ft) can be 
rewritten as 

<o 

The principle of conservation of mass for the charging of a cylinder gives 

dm ['dm p . 

-.^or Jo-dr = J o m, dr = 0 .,-,^ ,fl, 

The first and second terms on the RHS of Eqn.(C) give 

£ 6 *= Q (E) 

Substituting Eqns ID) - fF) in Eqn. (C). we get 
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h t = mft-ntfo-Q (C) 

which is identical with Eqn.(A) of Example 4.89, 

Example 4.91 

An evacuated tank of I m' volume is connected to a line carrying steam at 1 0 
bar and 400“C. If the valve in between the tank and the supply line is opened, 
steam flows into the tank till the steam pressure inside the tank is 10 bar. Calculate 
the final mass of steam in the lank and its temperature. 

Solution : 

Consider the tank shown in FigJ: 4.9 1 as the control volume. The first law of 
thermodynamics for the charging of a tank gives 

(m / - m 0 ) h, = m, u f - m 0 n 0 - Q (A) 

Adiabatic tank =» Q= 0 
The tank is initially evaluated =» m 0 = 0, 

Then Eqn, (A) reduces to 

m / h l = m ( u ( or /i, = u ( (S) 

Where h. = specific enthalpy of steam in supply line 

u= final specific internal energy of steam in the tank 


Steam lobar, 40tyC 



Insulated tank 
Control surface 


Fig E 4.91. Sketch for Example 4.91. 

From steam tables we find A, = 3264.4 kJ/kg at 10 bar and 400°C. 
Therefore. *,= «,= 3264.4 kJ / kg 

We also know that, the final pressure of steam in the tank is lObar. Knowing 
P and u one can determine the final state of steam in the tank. Since the properties 
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of steam are available in tabular form, the determination of the final state involves 
a trial and error calculation. Assume the final temperature T ( of steam is 550°C. 
Then 

At P = 10 bar and / = 550°C; we have 

h= 3587.85 IcJ /kg 
v= 0.3775 m’/kg 

(The values of h and v are obtained by interpolation) 

Then u = h- Pv = 3587.85 x 10'- 10 x 10' x 0.3775 = 3210.35 kJ/kg 

The calculated value u = 3210.35 kJ/kg < «,= 3264.4 kJ/kg. 

Now. assume r^= 575°C.Thcn. from steam tables at P = 10 bar and r = 575°C, 
we get 

h = 3642.63 kJ/kg ; v = 0.3893 mV kg. 
u = h-Pv = 3642.63 x 10'- 10 x 10'x 0.3893 
= 3253.33 kJ/kg 

We find u = 3210.35 U / kg at 550°C and 

u= 3253.33 kJ/kg at 575°C 

Let us extrapolate these results to find r such that u = 3264.4 kJ/kg as shown 
below. 


3264.4 = 3210.35 + 


(32S3.33-32IQ.35)Ar 

575-550 


or Ar= 3l.4“Corf = 58I.4°C 

Let us now check whether r = 58 1 . 4"C is acceptable or not, 

h (P = 1 0 bar. / = 58 1 .4»C) = 3656.65 kJ/kg 

v (P = 1 0 bar. r = 58 1 ,4"C) = 0.3923 m’/kg 

u = h-Pv= 3656.65 x 10’ - 10 x 10' x 0.3923 = 3264.4 kJ/kg 

Therefore, the guess value of r,= 581 ,4“C is correct. 

Mass of steam in the tank. 


- = 2.549 kg 


Example 4.92 

A rigid and insulated tank of volume 2 m' contains an ideal gas (y = 1 .4) at 
1 bar and 300 K. The tank is connected to a line carrying the same gas at 20 bar 
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and 400 K.The valve in between the lank and the line is opened allowing the gas 
to enter the tank till the gas pressure in the lank rises to 20 bar and then closed. 
Determine the final temperature of the gas in the tank and the amount (moles) of 
gas that entered the tank. 

Solution : 

Choose the lank as the control volume and apply the first law of 
thermodynamics for the charging of a tank to obtain 
(m,-m„)/r,= (ii ( u,-m 0 u 0 

or (n / -no)*,= "A"'V'o 

where n ( = m ( /Af = moles of gas in the tank at the end of filling operation 

n„ = m 0 /M = moles of gas in the tank at the beginning 
of filling operation 
■M = molar mass of gas 
We know that for an ideal gas 

it = PV/RT; u = C, T and I, = C p T 
Therefore. Eqn.(A) can be rewritten as 



Where P 0 and P f are the initial and final pressure of gas in the tank, 
respectively. T (l and T f are the initial and final temperature of the gas in the tank, 
respectively. V is the volume of the tank and T, is the temperature of the gas in the 
supply line. 

Substituting the values of P„ P p T„ and T : in Eqn.(fl) ,we get 


= 20x I0 5 - I x 10’ 


or T, = 536.74 K 
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Amount of gas that entered the tank 


P,V 

p 0 v_v 

a 

RT, 

RTo ~ R 

j, 


I f 20x10* lx 10* 
8.314^ 536.74 300 


408.09 mol 


Kxamplc 4.93 

A customer sent an empty hydrogen cylinder for refilling. Usually the 
hydrogen cylinders arc filled with hydrogen at 200 bar and 300 K before they are 
delivered to the customers. A customer lodges a complaint with the supplier that 
the cylinder received by him is not filled upto the specified pressure. The supplier 
made an independent enquiry and found that the supply line is always maintained 
at 200 bar and 300 K during the filling of the cylinders and the cylinders are 
disconnected from the supply line only after pressure equalisation and wonders 
as to how a particular cylinder does not show the stated pressure. He has also 
ensured that the cylinder is leak proof. Analyze the situation and find whether 
there is a possibility of filling the cylinder with less amount of gas 

Solution : 

The first law of thermodynamics for charging of a cylinder gives 
(ntj - m 0 ) A, = m,u l -m 0 u 0 -Q 

If the cylinder is initially empty. nt 0 = 0. If the charging process is carried out 
rapidly such that there is not enough time to dissipate the energy by radiation or 
convection or if the charging process is carried out adiabatically Q = 0. Then, the 
above equation reduces to 

m / h l = m / u, or A, = u ( or C p T l = C,T ( 
or T,= yT ) 

Assume hydrogen (a diatomic gas) to be an ideal gas with y = 1 ,4.Then 
7}= 1.4 T,= 1.4 x 300 = 420 K 

That is the final temperature of gas immediately after filling is 420 K. When 
the cylinder is transported to the customer, its temperature reduces to 300 K at 
constant volume. Then 




FIRST LAW OF THERMODYNAMICS AND ITS APPLICATIONS 


221 


- = 142.86 bar 


where Pj and 7' ( denote ihe conditions immediately after filling and P and T 
denote the conditions as the customer receives. 


Thus we find that the pressure of gas in the cylinder is 142.86 bar by Ihe time 
the customer receives the cylinder. Hence, if the cylinder is filled adiabalically. 
(here is every possibility that the customer's complaint is correct. 


Example 4.94 

An evacuated and insulated tank containing a piston and spring as shown in 
Fig.E. 4.94 is connected to a line carrying steam at 2 MPa and 300^0. Initially, 
the spring is just touching the piston exerting no force on it. When the valve is 
opened steam enters the tank till the pressure rises to 3 MPa. Determine the state 
of steam in the tank. Choose the tank, piston and spring as the contiol volume. 



Stoam 20 MPa. 300=C 


l ; tg.E 4.94. Sketch for Example 4.94. 

Solution : 

The first law of thermodynamics for a control volume is given by 

+ + Ml 

2 2 at 

Tank is insulated : Q = 0. No shaft work is involved : IV, = 0 

No mass is escaping from the tank : 


0 
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Ignore KE and PE terms: V ( = 0 ; Z t = 0 
Then Eqn.t A ) reduces to 

m, A, = ilE/ill 

A, m f = E f = energy of steam + energy stored in spring (fi) 

Force due to spring. F a = KX 

where K = spring constant 

X = compression in the spring 
A = cross sectional area of piston 
V f = final volume of steam in the lank 

I , 1 (V. 

Energy stored in spring = — XX' = — ATI — 

A force balance on the piston in the final stale gives 

PA = KX = K— or P = ^j- 
A A 2 

Hence, energy stored in spring = iff - ^PV f = ~Pi»/Vf (O 

where m f = final mass of steam in the tank 

Vj = final specific volume of steam in the tank 
Energy of steam in the tank = " 1 ,“, (D) 

Substituting Eqns.lO and (D) in Eqn. (A) we get 
m f h. = m / u f * Pm t Vf/2 

or A ( = 3025 x I0 5 = «,+ Pv, / 2 (£) 

A, (2 MPa and 300“C) = 3025 kJ / kg. 

Eqn. (fT) is to be solved by trial and error since we know u ( and P. 

Assume 363°C 

A (2 MPa and 363-C) = 3165.93 kj/kg 
V (2 MPa and 363°C) = 0.1416 m'/kg. 
u = h-Pv = 3165.93 x 10’ — 2x 10 6 x0.l416 = 2882.73 kJ/kg 
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RHSofEqn(£’)=u,+^A-, = 2882.73 x 10’ + <2 x lO'TC) x 0.1416 
= 3024J3 kJ/kg 

This value is approximately equal to h l and hence the assumed value t, = 
363°C is correct. Hence, the final state of steam in the tank is 2 MPa and 363“C. 


Example 4.95 

Rework Example 4.94 by choosing the space below the piston only as the 
control volume. That is the piston and spring are not to be included in the control 
volume. (This is an example of control volume, the size of which does not remain 
constant). 

Solution : 

Choose the control-volume as the space below the piston as shown in 
Fig.E 4.95. As the steam enters the tank, the size of the control volume increases. 




Fig.E 4.95. Sketch for Example 4.95. 

The first law of thermodynamics for the control volume gives 

<" + ^- + *Z,) = <2 “W, M) 

Tank is insulated => Q =0 

No mass leaves the control volume : = 0 
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Ignore KE and PE change. Then Eqn. (A) reduces to 

-m, h = -W, - ^ IB) 

The control volume does work in compressing the spring, The work done on 
the spring is given by 


Where Xy - final compression in the spring 

V f = final volume of the control volume = nyy 
A = cross sectional area of the piston 
m / = final mass of steam in the lank 
v f = final specific volume of steam in the tank 
A force balance on the piston, in the final state gives 
V V 

(fl») = KX = K- l or P=K-j ID) 

A A 

Substituting Eqn (D) in Eqn (O. we get 


1 2 2 


Substitute Eqn (£) in Eqn IB) to get 


(£) 


or m / h l = niy u f + Pm l u f l2 

or h t = Uy+Pvy/2 IF) 

Eqn.(E) is identical with Eqn, (El of Example 4.94. Now the rest of the solution 
will be identical to that given in Example 4,94. 


Example 4.96 

Rework Example 4.94 through control mass approach. 

Solution : 

Let us choose the control mass or system as shown in Fig.E 4.96. 

The mass of steam m f which enters the tank is chosen as the system. Initially 
the system boundary is in the main line. As time progresses, the steam enters the 
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tank and the .system configuration keeps on changing and in the final stale the 
system boundary is the space below the piston in the tank as shown in Fig.E 4.96. 
For the mass m ( to enter the tank, work is done by the surroundings on the steam. 
If y is the specific volume of steam in the supply line, then the reduction in the 
volume of the system in given by nyv. then 

I 

S 

zzzfezz 

CO Final boundary of 
□ tha system 

Stoam 

of the 

system 

<*> ( 6 ) 

Fig.E 4.96. Sketch for Example 4.96 

Work done by surroundings on steam in forcing it into the tank 
= Pvm / = -W l 

While steam enters the tank, the spring gets compressed. Thus the system 
does work on the spring. The work done on the spring is given by 



A force balance on the piston in the final state gives 

<«> = KX-K^- or P-K^r 
A A 2 

PV. 

Therefore, W, = = Pm// f /2 

Thus net work done by system. W = Pm / v / 12- Pm p 
Initial energy of system E x =m f u 

Where u = specific internal energy of steam in the supply line. 
Final energy of system. £, = m / u / 

The first law of thermodynamics for a control mass gives 
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£,-£,= Q-W 

or "ijUj— ntjti = Pmp—PmjVj/2 

or Uj+Pv/2 = u*Pv = h orA = « / +/’v / /2 

which is identical with Eqn.(E) of Example 4.95. Hence, the final result will 
be identical to that of Example 4.94 or 4.95. 

Example 4.97 

The discharging of a cylinder or lank is another example of a transient flow 
process. Apply the control mass approach to analyze the following discharging 
operation of a cylinder. Suppose a gas cylinder of volume V initially contains a 
gas at pressure P u and temperature T 0 . If the valve is opened, the gas escapes 
from the cylinder and the pressure drops to P, and the temperature changes to T r 
It is desired to find the final mass of gas in the cylinder. 

Solution : 

In control mass analysis we have to identify the system such that it always 
contains the same amount of mass.The system boundary should be selected such 
that it contains the same mass all the time. Therefore draw an imaginary envelope 
enclosing the cylinder and the gas that is escaping from the cylinder as shown in 
Fig.E 4.97 and this imaginary envelope is the system boundary. Initial mass of 
gas in the cylinder is m 0 . At the end of the discharging operation, the mass of gas 
left in the cylinder is m f and the mass of gas that escaped from the cylinder is 
<"> 0 - ™,>- 

:( <w~ JrrMj 

> ' 

System boundary 



Fig.E 4.97. Control-mass for discharging of a cylinder. 

Initial energy of system. £, = m 0 u 0 

Final energy of system. £, = nyy-f (m 0 - mj) u 

where u 0 = specific internal energy of gas in the cylinder 

initially 

u = specific internal energy of gas in the surroundings. 
When the gas escapes from the cylinder, it pushes the surrounding gas and 
does work on the surroundings. If » denotes the specific volume of the gas in the 
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surroundings at pressure P, then the change in the volume, external to the cylinder 
is (fflg-mpv. 

Then work done by gas. W = P (m 0 - mf)v. 

The first law of thermodynamics gives 
E : -E,= Q-W 

or m t u t + <m 0 - mjtu - mfo = Q-P(m 0 -m / )v 
or (m 0 — mj) (« + Pv) = Q + m 0 u 0 - 

or (m 0 -m / )h= Q + m 0 u„-m / u / M) 

where h is the specific enthalpy of gas after it has escaped from the cylinder. 

Example 4.98 

Rework Example 4.97 through control volume analysis 


c 


Control volume 






Control surface 


Fig.E 4.98. Control volume for discharging of a cylinder. 

Solution : 

Choose the control volume as shown in Fig.E 4.98. The principle of 
conservation of energy (or the first law of thermodynamics) for a control-volume 
is given by 

+¥-+gZ')-".<h + **>“$ -*• -¥ < A > 

2 2 at 

No shaft work is involved; W, = 0 
No mass is entering the cylinder : rh, = 0 
Ignore KE and PE terms; V =0 and Z r = 0 
Then Eqn. (A) reduces to 


(B) 
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For ihc discharging of a tank . the principle of conservation of mass gives 

ft*.)**--,-* (C) 

o o 

While mass is escaping from the cylinder. Ihc mass flow rale as well as the 
state of the gas leaving the cylinder change with time. However, we can assume 
that the gas leaves the cylinder at some constant value of enthalpy li. which may 
be taken as the average value of /i„ (initial enthalpy) and/i ( (final enthalpy) of the 
gas in the cylinder. Then the LHS of Eqn.(fi) gives 

/vJ'V//=( , no-m,)A {D) 

o o 

The RHS of Eqn (8) gives 

jQdi-\^~di= Q-lm/Uf-moUo) (£) 

Substituting Eqns. (D) and ( E) in Eqn ( B ), we get 
(m 0 - m ( ) h = 2 - m j u l -m<f, a 

or (m 0 -m ) )h = Q* m o u o- m t u i (F > 

This equation is identical with Eqn. (/I) of Example 4.97. which is obtained 
through control mass approach. 


Example 4.99 

A rigid and insulated tank of capacity I m 1 contains dry saturated steam at 20 
bar. A valve at the top of the lank is opened allowing only vapor to escape till the 
pressure in the tank is reduced to 10 bar. Estimate amount of steam withdrawn 
from the lank. 

Solution : 



Rg-E. 4.99. Sketch for Example 4.99. 
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Choose the control-volume as shown in Fig.E. 4,99. 


Insulated tank: (7=0 

Then the first law of thermodynamics (for the control-volume) for the 
transient flow problem at hand reduces to 

(m 0 - m ( ) /i = m 0 u 0 - m l u l ( A ) 

For saturated steam at 20 bar 

/i„= 2797.2 kJ/kg 
»•„ = 0.099 54 nt'/kg 

u 0 = h 0 - P„ v„ = 2797.2 x I O' - 20 x 1 O' x 0.099 54 = 2598. 1 2 kJ/kg 


- V 1 
m ° = v 0 "0.09954 


= 10.016 kg 


Assume m ( = 5.537 kg 

Then v /= 1/5.537 = 0.1806 m’/kg 

At P = 10 bar ; sy= 0.001 127 4 m’/kg (saturated liquid) h f = 762.61 kJ/kg 
v t = 0. 1 943 m’/kg : h c = 2776.2 kJ/kg 
Therefore, at P = 10 bar the final specific volume of steam lies in between 
the values for saturated liquid and saturated vapor. Hence, the quality of the 
mixture can be found as 

0.1806 = 0.1943 X, + (l -X,)0.00l 1274 

or X ( = 0.9291 

/t,= 0.9291 X 2776.2 + (I -0.9291) 762.61 
= 2633.44 kJ/kg 

u ( = 2633.44 x 10’- lOx I O' x 0. 1 806 = 245 2.84 kJ/kg 
Since /i„ and /i ; are close to each other, we may assume that the enthalpy of 
steam leaving the control volume is constant, and is given by the average value 
of saturated vapor enthalpies at 20 bar and 10 bar. 

A= ^ = 2797 _ .2 + 2776 =2 = 27g67|(J/kE 

Now let us check whether the assumed value of (^satisfies Eqn.(A) or not. 
LHS of Eqn (A) = (m„ - m,) h = ( 10.046 - 5.537) 2786.7 x 10' 

= 12 565.23 kj 

RHS of Eqn.(A) = m„ii n -(»,«,= 10.046 x 2598.12 x 10' 

- 5.537 x 2452.84 x 10’ = 12 519.34 kJ 
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Since LHS _ KHS. we may assume ihal Eqn. (A) is satisfied. 
Hence, the assumed value m f = 5.537 kg is correct. 

Amount of steam withdrawn from tank = m 0 - m / 

= 1 0.016 - 5.537 = 4.509 kg 


Example 4.100 

A rigid tank of I nr' volume is initially filled with wet steam of quality 0.8 at 
30 bar. A pressure regulating valve located at the top of the lank is slowly opened 
allowing only dry saturated vapor to escape at 30 bar pressure, while energy is 
continously transferred to the tank as heat. The valve at the top of the tank is 
opened till the tank is completely filled with dry saturated steam at 30 bar. 
Neglecting the kinetic and potential energy changes of steam, calculate the amount 
of energy transferred as heal to the tank. 


Dry saturated steam 
T 30 bar 


Control 
volume 
Steam 
30 bar 
X = 0.8 


Fig.E. 4.100. Sketch for Example 4.100 


Solution : 

Choose the control volume as shown in Fig.E 4,100. The first law of 
thermodynamics for the control volume gives 

m,(h, + ^- + g7. r )-m i (h, + ^j- + gZ i ) = Q (A) 

2 2 ut 

No shaft work is involved : W, = 0 
No mass enters the control volume: m, = 0 
Ignore KE and PE terms : \ r = 0 : Z c = 0 
Then Eqn. (A) reduces to 
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J m,A/ft = }(?</'- = Q-(m,u, - m„u n ) (fi) 

Since only dry saturated steam al JO bar is withdrawn, the enthalpy of the 
escaping steam is constant at li r = It (at JO bar ) = 2802. J kJ/kg 
Then Eqn. (B) reduces to 


ft, / = ft, = Q + m 0 u „ - m, u, 

or Q = h r (m„ - m ( ) - m 0 n„ + m ; ii, (C) 

At JO bar: saturated liquid volume (v ( ) = 0.001 216 J m’/kg 
Saturated vapor volume (vj = 0.066 6J m’/kg 
Saturated liquid enthalpy (A,) = 1008.4 kJ/kg 
Saluraled vapor enthalpy (A,) = 2802. J kJ/kg 
v 0 = X 0 v J , + (l - X 0 ) v ( = 8 x 0.066 6J * 0.2 x 0,001 216 J 
= 0.053 55 m’/kg 

It 0 = XJt f + ( I - XJIi f = 0.8 x 2802. J + 0.2 X 1 008.4 
= 244J.52 kJ/kg 

"o = ft,- p o'’o = 2443.52 x 10’- 30 x 10' x 0.055 55= 2282.87 kJ/kg 


v’ 0 0.05 J 55 


= 18674 kg 


= 15.008 kg 


I v f v, 0.06663 

II, = 2802. J x I0 3 - 30 X lO' X 0.066 63 
= 2602.41 kJ/kg 


Substituting these values in Eqn (Q, we get 

Q= 2802.3 x 10’ (1 8.674 -15.008) 

-18.674 x 2282.87x10’+ 15.008 x 2602.41x10' 
= 6699.89 kJ 


Example 4.101 

A boiler produces steam at I MPa and 300°C. The steam from the boiler is 
used to operate a turbine. The turbine exhausts steam into an evacuated tank of 
volume 1 00 m’. The turbine operates till the pressure in the tank rises to 1 MPa at 
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which point the temperature of steam in the tank is 250"C. Assuming that the 
turbine and lank arc adiabatic, determine the work delivered by the turbine. 

Snlution : 

Choose Ihe combination of turbine and the tank as the control volume as 
shown in Fig.E 4.101. The first law of thermodynamics for Ihe control volume 
gives 



Fig.E 4.101. Sketch for Example 4.101. 


V- v 2 dE 

+ = Q -w, (A) 


No mass leaves the control volume .* m, — 0 

Control volume is adiabatic : Q = 0 

Ignore KE and PE changes. Then Eqn.(A) reduces to 



-\m,h,dt = -\w,dt-\d^dl 
1 J J at 

(Bt 

The princi 

pie of conservation of mass gives 


[dm , 
\—dl = 
1 <ll 

f m, dt = ni| -flip = mj 

(O 


f r <mu) i. 

)d—dt= m h - m 0 u 0 =m /U/ 

(D) 


W,dt = IV 

(m 0 = 0 since the tank is initially evacuated). 
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Substituting Eqns. (C) and (D) in Eqn.(B). we gel 
oi ) A J = W + m l u / 

or Vt' = m / (A - u ( ) 

For steam at I MPa and 250°C: 

v = 0.231 95 mVkg ; h = 2939.45 kJ/kg 
u = 2939.45 x 10’ - 1 x 10 6 x 0.231 95 
= 2707.5 kJ/kg 

Therefore. v f = 0.23 1 95 m Vkg am) u, = 2707.5 kJ/kg 
V 100 


0.23195 


= 431.127 kg 


(£> 


For steam at I MPa and 300“C. 


A= *, = 3052. 1 kJ/kg. 

Substituting these values in Eqn. (£). we get 

W= m t (h,-u ; | = 43l.l27 (3052. 1 - 2707.5) X I O’ 
= I48_566 MJ 


Example 4.102 

It is a fact that during discharging of a gas from a tank, the conditions of the 
gas leaving the tank as well as that of the gas remaining in the tank change with 
time. Apply the control volume analysis and show that if an ideal gas discharges 
from an adiabatic tank, the conditions of the gas remaining in the lank are identical 
with those estimated as if the gas has undergone a reversible and adiabatic 
expansion. 

Solution : 

The first law of thermodynamics for a control volume is given by 
V 3 v' dE 

i”t(K+-£-*gZ,)-ih l (k + -L-+gZ i ) = 6 -H > (A) 

Suppose a rigid and insulated cylinder is initially filled with an ideal gas at 
P 0 and T 0 . If the valve of the cylinder is opened, the gas escapes from the cylinder. 
Let P, and T f denote the final pressure and temperature of the gas. left in the 
cylinder. Choose the control volume as shown in Pig.E 4.102. 
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c 


Control • Votumo 




R*.E 4. 102. Sketch for Example 4. 102. 


Insulated cylinder : Q = 0 
No shaft work is done : W, = 0 


No gas enters the control volume : = 0 

Ignore KE and PE changes. Then Eqn. (A) reduces to 


dE d(mu) 

di dt 


(B) 


For an ideal gas h = h(T) only and u = u(T ) only. That is A = C p T and u = C t T. 
At any instant of time, the gas left in the cylinder is at the same conditions as the 
gas leaving the cylinder. That is T, = T where T is the temperature of the gas left 
in the cylinder and m is the mass of gas in the control volume at time r. Then Eqn. 
(6) can be rewritten as 


m,C,r= -4(mC,T) 

dt 

The principle of conservation of mass gives 


dm/dl= -m. 

Substituting Eqn. (Z» in Eqn.(C). we get 


or 


~(mT )= 
dt 


mdT | Tdm 
dt * dt 


(O 

(O) 
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In — = — L-ln^f or In— = — ^ — In— (£) 

m o Y-l 'o «o Y-l T o 

where n 0 = moles of gas in the cylinder initially, and 

= moles of gas in the cylinder at the end of 
discharging. 

V = volume of the cylinder 


Ol. 

{^,)I{RT 0 ) P 0 T, 


Substituting Eqn.(F) in Eqn. (£), we get 


Il = 

T 0 UJ 


Eqn.(C) is identical with the relation for a reversible adiabatic expansion of 
an ideal gas. Thus, when an ideal gas escapes from a tank the temperature of the 
gas remaining in the tank can be estimated by using the relation which is true for 
a reversible adiabatic expansion. 


Example 4.103 

An insulated tank of 100 litre capacity contains an ideal gas (y= 1.4) at 10 
bar and 400 K. A valve situated at the top of the tank is opened allowing the gas 
to escape till the pressure is reduced to 2 bar. Determine the final temperature of 
the gas remaining in the lank and the amount (in moles) of gas that left the tank. 

Solution : 

We know that the temperature of the gas remaining in the tank can be 
calculated as 
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OA 

V = 400 (s) M=: 252 551 K 

_ P,v 2xl0 , xl()0xl(p' 

= RT I ~ 


Amount of gas remaining in the lank 


8.314 x 252.55 
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Second Law Of Thermodynamics and its 
Applications 


Example 5.1 

Docs the first law of thermodynamics deny the possibility of a spontaneous 
process reversing itself or does it specify the direction of a process ? Explain 
with the help of two examples. 

Solution : 

It is a matter of every day experience that spontaneous processes proceed in 
one direction only. Consider the spontaneous process of water flowing downhill. 
The potential energy of water at the top of the hill gets converted into kinetic 
energy of flowing water and finally the water falls on to the ground and the 
kinetic energy of the flowing water gets converted into its internal energy. The 
first law of thermodynamics tells that the increase in the kinetic energy of the 
flowing water is equal to the decrease in the potential energy of the water while 
it is falling. Finally when the water reaches the ground, the increase in the internal 
energy of the water is equal to the decrease in its kinetic energy. Now. imagine 
the reversal of the process. That is water flowing uphill on its own. Applying the 
first law of thermodynamics, we find that it would be well satisfied if the water at 
the ground level was to cool by transfening its internal energy into kinetic energy 
thus acquiring some velocity in the upward direction and then the water flowing 
uphill by transferring its kinetic energy into potential energy. However, in practice 
we never find water flowing uphill on its own. That is the first law of 
thermodynamics does not specify the direction of a process and docs not deny 
the feasibility of a spontaneous process reversing on its own. 

As a further example, if a running car is brought to rest by applying brakes, 
the kinetic energy of the car gets converted into the internal energy of the brakes 
and the wheels. According to the first law of thermodynamics, the increase in the 
internal energy of the brakes and wheels is equal to the decrease in the kinetic 
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energy of the car. Imagine the reversal of the process, that is a car at rest starts 
running by cooling the brakes and wheels. The first law of thermodynamics would 
be still valid and says that the increase in the kinetic energy of the car is equal to 
the decrease in the internal energy of the brakes and wheels. However, we have 
never observed such a happening. Thus one can conclude that the first law of 
thermodynamics does not deny the feasibility of a spontaneous process reversing 
itself and does not specify the direction of a process. 

Kxample 5.2. 

Suppose one is interested in producing industrial alcohol by vapor phase 
hydration of ethylene, at a specified temperature and pressure, according to the 
reaction 

CjH 4 + H,0 — » C ; H,OH 

Before initiating a commercial scale production it is necessary to have as 
much information as possible about the process. Does the first law of 
thermodynamics provide complete information? 

Solution : 

Usually the reaction C.H 4 + H.O — > C,H 5 OH is carried out at elevated 
temperatures and pressures. The reactants C 2 H 4 and H.O in the gas phase are to 
be raised to a high pressure and temperature before they are fed to a reactor. The 
reactor effluent is to be cooled and C.H,OH is to be separated from the unreacted 
gases and the unreacted gases are to be recycled. Application of the first law of 
thermodynamics provides information regarding the work to be done in 
compressing the reactant gases, the energy required to raise the temperature of 
the reactant gases and to cool the reaction products. If the initial state of the 
reactants and the final state of the products are known, the first law of 
thermodynamics can be applied to determine the energy changes associated with 
the process. In other words, the first law of thermodynamics provides information 
regarding only the energy changes associated with the process. 

In addition to the above information, it is essential to know, before initiating 
an expensive commercial production, whether the reaction is feasible at the 
specified temperature and pressure or not. If it is feasible, is complete conversion 
of C : H 4 and H.O into CjH 5 OH possible? Or docs the reaction proceed to a certain 
extent only? If so. to what extent ? That is what fraction of the reactants can be 
converted into products at the specified conditions? How does the reaction 
conditions like pressure and temperature affect the extent of the reaction? These 
questions, cannot be answered by the application of the first law of 
thermodynamics. 
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Example S3 

State the limitations of the first law of thermodynamics with the help of 
examples involving heat and work interactions. 

Solution : 

We know that kinetic energy and potential energy are interconvertible and 
the macroscopic modes of energy (KH and PE) can be readily converted into 
w ork. The conversion of microscopic modes of energy (that is energy associated 
with the random molecular motion of the matter) or internal energy into work 
requires a device called heat engine. Is it possible for the complete conversion of 
internal energy into work in a heat engine? Or is it possible to devise a heat 
engine, the efficiency (defined as the ratio of the net work done to the energy 
absorbed) of which is equal to one? Is it possible to transfer energy as heat 
spontaneously from a body at a losver temperature to a body at a higher 
temperature? All the above questions which deal with work and heat interactions 
cannot be answered by the application of the first law' of thermodynamics and 
hence they reflect the limitations of the first law' thermodynamics. 


Example 5.4 * 

Explain the terms — thermal reservoir, source and sink. 

Solution : 

A thermal reservoir is a large system to which a finite quantity of energy as 
heat can be added or from which a finite amount of energy as heat can be extracted 
without changing its temperature. The ambient atmosphere is an example of a 
thermal reservoir. 

A source is a thermal reservoir at higher temperature from which energy in 
the form of heat is received by a heat engine. 

A sink is a thermal reservoir at lower temperature to which energy as heal is 
rejected by a heat engine. 


Example Si 

What is meant by a heat engine and what arc its characteristics ? 

Solution : 

A heat engine is an energy conversion device. It is a cyclically operating 
device and its primary objective is to convert the energy received as heat into 
work. It employs a working fluid which undergoes cyclic change. The working 
fluid absorbs energy as heat from a source and rejects energy as heat to a sink. 
The characteristics of a heal engine arc : 
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1. It is a cyclically operating device. 

2. Its primary purpose is to convert energy absorbed as heat into work. 

3. It absorbs energy as heat from a high temperature source. 

4. It rejects energy as heat to a low temperature sink. 

5. It delivers some net work. 

A heat engine can be represented as shown in Fig.E 5.5 



Fig.E 5.5. Schematic representation of a heat engine. 


Example 5.6 

Give two examples of a heat engine. 

Solution : 

A thermal power plant shown in Fig.E 5.6 (a) is a heat engine. The working 
fluid in a thermal power plant is water which undergoes the following cyclic 
change: 

1. Water enters a boiler at high pressure where it receives energy as heat 
from the hot combustion products of coal or fuel oil and converts into 
superheated steam. 

2. The superheated steam enters a turbine and expands to a low pressure. 
The turbine delivers work. 

3. The low pressure steam enters a condenser where it rejects energy as heat 
to cooling water and emerges as liquid water at low pressure. 
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4. The low pressure water enlers a pump which delivers water at high pressure 
to the boiler. Work is done on the pump. 

Another example of a heal engine is an automobile engine which can lie 
idealized as a piston-cylinder assembly shown in Fig.E 5.6 (ft) The working 
fluid is a gas which undergoes the following cyclic change. 



FigE. 5.6 (u) Schematic representation of a thermal power plant. 
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2. The cylinder is isolaled from the source and the working fluid undergoes 
further expansion adiabatically. 

3. The cylinder is placed in Ihermal contact with a sink to which the working 
fluid rejects energy as heal when work is done on the gas. 

4. Then the cylinder is isolated from the sink and ihe working fluid undergoes 
adiabatic compression till it reaches the original state 

Example 5.7 

Define thermal efficiency of a heat engine and express it in terms of heat 
interactions. 

Solution : 

A schematic of a heat engine is shown is Fig.E 5.7. Coasider the working 
fluid which undergoes the cyclic change as the system. 



Fig.E 5.7. Schematic of a heal engine. 

The following work and heat interactions arc present across the system 
boundary. 

Q , = energy absorbed as heat from the source 
Q, = energy rejected as heal to the sink 
W = net work done 

The system undergoes a cyclic change. The first law of thermodynamics for 
a cyclic process gives $ dQ = j dW or Q,-Q ; = W. 
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The thermal efficiency or simply efficiency of a heat engine is defined as the 
ratio of the net work done to the energy absorbed as heat. That is the efficiency 
1 is given by 


Example 5.8 


n = 


<?, « 0 , 


What is a heat pump or refrigerator and how the performance of these devices 
is evaluated ? 


Solution : 


A heat pump or a refrigerator is a device which works in a cycle, absorbing 
energy as heal from a low temperature reservoir and rejecting energy as heat to a 
high temperature reservoir, when work is done on the device. If the objective of 
the device is to reject energy in the form of heat to a high temperature reservoir, 
it is called a heat pump. Heat pumps arc generally used to keep the rooms warm 
in winter. On the other hand, if the objective of the device is to extract energy in 
the form of heat from a low temperature body, it is called a refrigerator. Usually 
refrigerators are used to preserve food items and drags at low temperature. In 
these devices Freon is usually used as a working fluid and it is called as refrigerant. 
The index of performance of these devices is called the coefficient of performance. 
The coefficient of performance (COP) is defined as the ratio of the energy effect 
sought to the work done on the device. A schematic of a heat pump or refrigerator 
is shown in Fig.E 5.8. 



refrigerator 


Fig.E 5.8. Schctnauc of heal pump or refrigerator. 
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Consider the working fluid in the heal pump or refrigerator as the system as 
shown in Fig.E 5.8 and apply the first law of thermodynamics to obtain 

Qh~Ql~ w 

Where Q l = energy absorbed as heal from low lempcralure reservoir 
Q„ = energy rejected as heat to the high temperature reservoir 
W = work done on the device. 

Then, the coefficient of performance in given by 


ICOPW.,^ 


gfl-- 
w Qh-Ql 




Ql = Ql 

w Qh-Ql 


Example 5.9 

State the Kelvin- Planck statement of the second law of thermodynamics. 

Solution : 

The Kelvin— Planck statement of the second law of thermodynamics tells 
that it is impossible to devise a cyclically operating device which produces no 
other effect than the extraction of energy as heat from a single thermal-reservoir 
and delivers an equivalent amount of work. That is, it is impossible to devise a 
device shown in Fig.E 5.9. Considering the working fluid as a system as shown 
in Fig.E 5.9. application of the first law of thermodynamics gives Q = W. That is 
all the energy absorbed as heat by the device is completely converted into work. 
In other words, the thermal efficiency of such an engine is q = W/Q = I . The 
Kelvin-Planck statement thus implies that no heat engine can have an efficiency 
equal to one. 



W 


Fig.E 5.9. Schcmclic of a device which is imposshle lo device according to Kelvin* 
Planck statement of the second law of thermodynamics. 
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Example 5.10 

What is a perpetual motion machine of the second kind ? 

Solution : 

A Perpetual Motion Machine of the Second Kind (PMMSK) is a hypothetical 
device which operates in a cycle, absorbing energy as heat from a single thermal 
reservoir and delivering an equivalent amount of work. A schematic of a perpetual 
motion machine of the second kind in shown in Fig.E 5.10. 

The Kelvin - Planck statement of the second law of thermodynamics denies 
the possibility of devising a PMMSK. The PMMSK docs not violate the first law 
of thermodynamics, but it violates the second law of thermodynamics. 



Fig.E 5.10. Schematic of a Perpetual Motion Machine of the Second Kind. 


Example 5.11 

State the Clausius statement of the second law of thermodynamics. 

Solution : 

The Clausius statement of the second law of thermodynamics tells that it is 
mpossible to devise a selfacting (that is unaided by any external agency) device 
which working cyclically, will produce no other effect than the transfer of energy 
is heal from a low temperature body to a high temperature body. A schematic of 
the device which is impossible to devise according to the Clausius statement of 
the second law of thermodynamics is shown in Fig.E 5. 1 1 . 

We know that the transfer of energy as heat from a high temperature body to 
a low temperature body occurs spontaneously. The Clausius statement of the 
second law of thermodynamics denies the possibility of self reversal of such a 
spontaneous process. In other words the second law of thermodynamics dictates 
the direction of a spontaneous process. The coefficient of performance of the 
device shown in Fig.E 5.1 1 is given by COP= Q/W= Q/O = ■». Thus the second 
law of thermodynamics implies that the COP of a heat pump or refrigerator cannot 
be infinity. 
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Fig.E 5. 1 1 . Schematic of a self acting device which is impossible to devise according 
to Clausius statement of the second law of thermodynamics. 

Example 5.12 

Does the Clausius statement of the second law of thermodynamics prohibit 
the transfer of energy as heal from a body at low temperature to a body at high 
temperature? A domestic refrigerator absorbs energy as heat from the cold space 
and rejects energy as heat to the ambient atmosphere at a higher temperature. 
Does the refrigerator violate the second law of thermodynamics ? 

Solution : 

The Clausius statement of the second law of thermodynamics does not prohibit 
the transfer of energy as heat from a body at low temperature to a body at high 
temperature if the transfer of energy is externally aided. However. spontaneous 
or externally unaided transfer of energy as heal from a low temperature body to 
a high temperature body is prohibited by the Clausius statement. 

A domestic refrigerator does not violate the second law of thermodynamics, 
since work is done by an external agent on the refrigerator. 


Example 5.13 

Prove that violation of the Kclvin-Planck statement leads to violation of 
Clausius statement of the second law of thermodynamics. 

Solution : 

The Kclvin-Planck and Clausius statements of the second law of 
thermodynamics are equivalent though they appear to be altogether different. 
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Their equivalence can be proved by contradiction — that is violation of one 
statement implies the violation of the other statement and vice-versa. To prove 
that violation of Kclvin-Planck statement implies the violation of the Clausius 
statement, let us suppose that the Kelvin-Planck statement of the second law of 
thermodynamics is incorrect. That is. it is possible to devise a cyclically operating 
device A which absorbs energy Q as heat from a thermal reservoir at high 
temperature T, and delivers an equivalent amount of work IV (IV= {) ) in a cycle 
as shown in Fig.E 5.13 (a). Now let us consider another cyclically operating 
device B which absorbs energy Q, as heat from a low temperature reservoir at T 2 
(T, < T, ) and rejects energy Q t as heat to a high temperature reservoir at T t when 
work IV is done on the device in one cycle as shown in Fig.E 5. 1 3 (a). The device 
B is aided and hence it is not in violation of the Clausius statement. The work 
done on the device B is given by IV = g, - Q,. Let us consider the combination of 
the devices A and B as shown in Fig.E 5.13 (6). The work delivered by the device 
A is used to operate the device B and part of the energy Q rejected by device B is 
absorbed by device A. 



(a) (6) 

Fig.E 5.13. Sketch to illustrate lhai violation of Kclvin-Planck statement implies 
violation of Clausius statement. 


W= eandlV=0,-G, 
or Q = Q,~Q 2 or Q,-Q = Q 2 

The combination of the devices A and B is shown in Fig.E 5.13(b). The 
combined device absorbs energy Q 2 as heat from a low temperature reservoir at 
T 2 and rejects energy Q 2 (Q 2 = Q t - Q ) as heat to the high temperature reservoir 
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at 7j. while it is unaided by any external agency. That is. it is possible to devise a 
selfacting cyclically operating device which transfers energy as heal from a low 
temperature body to a high temperature body. This is in violation of the Clausius 
statement of the second law of thermodynamics. Thus, violation of the Kelvin- 
Planck statement leads to violation of the Clausius statement. 


Example 5.14 

Prove that violation of Clausius statement leads to violation of the Kelvin- 
Planck statement of the second law of thermodynamics. 

Solulinn : 

To prove that violation of Clausius statement leads to violation of Kclvin- 
Planck statement, let us assume that the Clausius statement of the second law of 
thermodynamics is incorrect. That is. it is possible to devise a selfacting (or 
externally unaided) cyclically operating device A which transfers energy Q as 
heat from a low temperature reservior at T 2 to a high temperature reservoir at 7j 
(T, > 7",) as shown in Fig.E 5.14 (a). Now. let us consider another device B 
which absorbs energy Q t as heat from a high temperature reservoir at 7j. docs 
work IV on the surroundings and rejects energy Q as heat to the low temperature 
reservoir at 7\ as shown in Ftg.E 5.14 (a). The device B does not violate the 
Kelvin-Planck statement of the second law of thermodynamics. The work 
delivered by device B is given by 

W=Q t -Q 



(a) (M 


Fig.E 5. 14. Schematic to illustrate violation of Clausius statement implies violation 
of the Kelvin-Planck statement of the second law of thermodynamics. 
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Now, lei us combine ihe devices A and B such that ihe energy Q rejecled as 
heal at temperature T, by device B is directly fed to the device A and the energy 
Q rejecled as heal al temperature 7j by device A is directly absorbed by device B. 
The difference in Ihe energy <0, - Q ) is absorbed by device B from Ihe high 
temperature reservoir al 7j and the work delivered by device B is W ( H'= Q t - Q) 
as shown in Fig.E 5.14 (ft). The combined device effectively absorbs energy 
(S i - Q) as heat from a single thermal reservoir and delivers an equivalent amount 
of work W{W=Q,-Q) in violation of the Kclvin-Planck statement of the 
second law of thermodynamics. Thus violation of Clausius statement leads to 
violation of Kclvin-Planck statement. Since, the violation of Kclvin-Planck 
statement leads to violation of Clausius statement and violation of Clausius 
statement leads to violation of Kclvin-Planck statement, these two statements 
of the second law of thermodynamics are equivalent. 

Example 5.15 

Distinguish between reversible and irreversible processes and give some 
examples of irreversible processes. 

Solution : 

A process is said to be reversible if both the system and its surroundings can 
be restored to their respective initial states by reversing the direction of the process. 
If a process does not satisfy the above criterion, it is an irreversible process. 

Examples of irreversible processes are : 

1 . Expansion or compression with finite pressure difference. 

2. Energy transfer as heat with finite temperature difference. 

3. Free expansion of a gas. 

4. Mixing of nonidcntical gases. 

5. Mixing of matter al different states. 

6. Motion with friction. 

7. Viscous fluid flow. 

8 .Spontaneous chemical reactions. 

Example 5.16 

What is the importance of reversible processes in engineering thermo- 
dynamics ? 

Solution : 

A reversible process is an idealization. This is a concept which can be 
approximated closely at times by actual devices, but never followed. 
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The presence of friction, inelasticity and electrical resistance makes the 
processes irreversible. These elements can be reduced but cannot be completely 
eliminated. The presence of these elements of irreversibility makes a process 
irreversible. Since the real processes occur when these elements of irreversibility 
arc present, the reversible process is a limiting process toward which all actual 
processes may approach in performance. The reversible processes deliver 
maximum work in engines and require minimum work in devices such as 
refrigerators, compressors etc. A thermodynamic analysis based on idealized 
reversible processes provides the limiting performance of the devices, against 
which the actual performance can be compared. This in turn provides an 
opportunity to improve the performance of the devices by reducing the sources 
of irreversibility. 


Example 5.17 

It is know that the second law of thermodynamics dictates the direction of a 
process. In other words, the second law distinguishes between reversible and 
irreversible processes. State the criterion which can be applied to identify whether 
a process is reversible or not. 

Solution : 

Since the second law of thermodynamics distinguishes between reversible 
and irreversible processes, one can use the following criterion to identify a 
reversible process. If a process can proceed in either direction without violating 
the second law of thermodynamics, then it is a reversible process. Suppose a 
process is proceeding in one direction and the assumption of reversibility of the 
process leads to a violation of the second law of thermodynamics, then the process 
can be called irreversible. 


Example 5.18 

Apply the criterion stated in Example 5.17 to identify irreversible process 
and show that free expansion of a gas is an irreversible process. 

Solution : 

Consider a rigid and insulated tank which is divided into two compartments 
by a removable partition. Let one compartment contain n moles of an ideal gas at 
P and T and the second compartment is evacuated. If the partition is removed, 
the gas expands and occupies the entire volume of the tank. That is. the gas 
undergoes free expansion. Consider the gas as the system. Then W = 0 and 
Q = 0. Application of the first law of thermodynamics gives AW- nC v 
ST=Q - W = 0 or AT= O.Hencc the final temperature of the gas is the same as 
the initial temperature. To judge whether the free expansion process is reversible 
or not. let us apply the criterion for irreversibility. To start with let us assume that 
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the process is reversible. That is the gas which is at some low pressure and 
occupying the entire volume of the tank nows on its own and occupies only one 
compartment at high pressure and leaves the second compartment under vacuum. 
Then the high pressure gas available in one compartment can be adiabatically 
expanded in a piston-cylinder assembly and the resulting low pressure gas can 
be fed to the second compartment. This process can be continued till the pressures 
in both the compartments are equalized. During adiabatic expansion, the gas 
docs work on the surroundings at the expense of its own internal energy and the 
temperature of the gas reduces. Now. the gas at low temperature can be placed in 
thermal contact with a single thermal reservoir till its temperature raises to its 
original value. Then the gas moves on its own and occupies only one compartment 
and the cycle of operations can be repeated. The sequence of events are shown in 
Fig.E 5.18. The sequence of events enclosed by a dotted curve in Fig.E 5.18 
constitutes a perpetual motion machine of the second kind which is impossible to 
devise according to the second law of thermodynamics. Hence our assumption 
of reversibility of the free expansion process leads to violation of the second law 
of thermodynamics. Therefore, we can conclude that free expansion of a gas is 
an irreversible process. 



Fig.E 5.18. Sketch for Example 5.18. 


Example 5.19 

Show that mixing of matter at different states is an irreversible process by 
applying the criterion for irreversibility. 
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Solution : 

Consider an insulated lank divided into iwo compartments by a removable 
partition. Let one compartment be Tilled with a hot fluid and the other compaitment 
be filled with cold fluid. If the partition between the two compartments is removed, 
the fluids mix with each other and attain an equilibrium temperature. Now let us 
apply the criterion to identify whether the process is reversible or not. Assume 
that the process is revcrsible.That is, the fluid at equilibrium temperature separates 
into two parts and one part of the fluid is available as hot while the other part is 
available as cold. Then, one can operate a heat engine using the hot fluid as 
source and the cold fluid as sink, thus obtaining some work. The engine can 
continue to deliver work till both the fluids reach a common temperature. Then 
the resulting fluid at low temperature can be placed in thermal contact with a 
thermal reservoir which transfers energy as heat to the fluid to raise it to the 
original temperature. The sequence of operations described above are shown in 
Fig.E 5.19 The combination of the processes enclosed by a dotted curve in 
Fig.E 5. 1 9 constitutes a perpetual motion machine of the second kind which is 
impossible to devise according to the second law of thermodynamics. Hence our 
assumption of reversibility is incorrect. Therefore, mixing of fluids at different 
states is an irreversible process. 



Fig.E 5.19. Sketch for Example 5.19. 


Example 5.20 

A system is placed in thermal contact with a thermal reservoir which transfers 
1 00 kJ energy as heal, while the system does 40 kJ work on the surroundings. Is 
it possible to restore the system to the original state by following an adiabatic 
process ? 
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Solution : 

During ihe firs! process, the system absorbs energy as heal from a single 
thermal reservoir and delivers some work. Application of the first law of 
thermodynamics gives U } - U, = Q - W = 100 - 40 = 60 kJ. In Ihe second 
process, the system has to reach state I through an adiabatic process. Applying 
the first law of thermodynamics to the second process we get, 

U,-U 1 ~-60 = Q-W=-W or W = 60kJ, 

Now. the system has undergone one cyclic change and the net work delivered 
is equal to 40 + 60 = 100 kJ. During this cycle, the system is absorbing 100 kJ 
energy as heat from a single thermal reservoir and delivering an equivalent amount 
of work. That is, it constitutes a PMMSK which is impossible to devise. Hence it 
is not possible to restore the system to the original state through an adiabatic 
path. 


Example 5.21 

Prove that two reversible adiabatic lines cannot intersect. 

Solution : 

To prove that two reversible adiabatic lines cannot intersect, let us assume 
the contrary. Suppose the two reversible adiabatic lines I -a and b - 1 intersect at 
point 1 as shown in Fig.E 5.21 . Then draw an isotherm a-b connecting the two 
intersecting reversible adiabatic lines. Then (-a-b-l constitutes a cycle and the 
area enclosed by this cycle on a P-V diagram represents the work done. During 
this cycle, there are no heat interactions along the adiabatic paths I — « and It-]. 



V 


Fig.E 5.21. Two intersecting reversible adiabatic lines l-a and h - 1 on 
pressure versus volume diagram. 
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The heat interaction is along the isothermal path a- b only. That is. the system 
which is undergoing the cyclic change absorbs energy as heat from a single thermal 
reservoir and delivers work, which is in violation of the Kelvin-Planck statement 
of the second law of thermodynamics. Hence our assumption is incorrect. 
Therefore, two reversible adiabatic lines cannot intersect. 


Example 5 21 

Docs the Kelvin-Planck statement of the second law of thermodynamics 
prohibit the complete conversion of the energy absorbed as heat into work, by a 
device in a process? Support your answer with an example. 

Solution : 

The Kelvin-Planck statement of the second law of thermodynamics does 
not prohibit the complete conversion of energy absorbed as heal into work, by a 
device in a process. However, in a cyclic process it prohibits the complete 
conversion of energy absorbed as heat into work, by a device. Suppose an ideal 
gas undergoes isothermal expansion. Application of the first law of 
thermodynamics gives A U=Q - W= 0 or Q = W That is all the energy absorbed 
as heat by the gas is converted into work. However, the process cannot 
deliver work continuously because the gas pressure continuously decreases and 
expansion is not feasible after a certain pressure. 


Example 5.23 

Sketch the Camot cycle on pressure versus volume diagram. Describe the 
practical difficulties associated with an engine which works on Camot cycle. 

Solution : 

The Kelvin-Planck statement of the second law of thermodynamics tells 
that it is impossible to devise a device which interacts with only one thermal 
reservoir. Therefore, for a practical device at least two thermal reservoirs-source 
and sink-are needed. The Camot cycle uses only two thermal reservoirs and 
consists of only reversible processes. If the energy is to be absorbed as heat 
reversibly from the source, the process has to be isothermal. Similarly, the energy 
rejection as heat to the sink is also through isothermal process. Thus the Camot 
cycle shown in Fig.E 5.23 consists of two reversible isothermal processes and 
two reversible adiabatic processes. 

The Camot engine consists of a cylinder-piston assembly in which a certain 
amount of working fluid is enclosed. Initially, the working fluid is at state 1. 
Then the cylinder is placed in thermal contact with a source at T t and the working 
fluid absorbs energy Q , as heat through an isothermal process 1-2. Then the 
cylinder head is insulated and the working fluid undergoes reversible adiabatic 
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expansion to reach state 3 at which point the temperature of the working fluid is 
y,. Then the cylinder is placed in thermal contact with a sink at T, and the working 
fluid rejects energy Q, as heat to the sink in an isothermal process 3-4- Again the 
cylinder is insulted and the working fluid undergoes reversible adiabatic 
compression to reach state I . thus completing a cycle. 

The Camot engine is a hypothetical device and it is not possible to devise it. 
Since it consists of reversible processes only, the energy absorption and rejection 
has to take place with infinitesimal temperature differences and hence the rate of 
energy transfer will be very low. Hence, the engine delivers only infinitesimal 
power. For any reasonable power output, the size of the engine has to be extremely 
large. Since the Camot cycle consists of only reversible processes, it serves as a 
yardstick or standard of perfection against which the performance of any practical 
heal engine can be compared. 



Fig.E 5.23. Carnot cycle. 


Example 5.24 

Derive an expression for the thermal efficiency of a Camot engine which 
employs an ideal gas as the working medium. 

Solution : 

The Camot cycle abeda is shown in Fig.E 5.24 on a P-v diagram, tt-b and 
c-d arc isothermal processes, b-c and d-a are reversible adiabatic processes. 
Let l<?,l = amount of energy absorbed as heat from the source at 7j during 
the reversible isothermal process a- b. 

Ig 2 l = amount of energy rejected as heat to the sink at T, during the 
reversible isothermal process c — d. 
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There are no heal interactions along the reversible adiabatic processes fr-c 
and d-a. Application of the first law of thermodynamics for the complete cycle 
gives 

$dQ = }dWor\Q,\-\Q 2 i=W 
The thermal efficiency. R is given by 


iUg.L-ial 
“ a o,| 



(A) 


The first law of thermodynamics, when applied to the isothermal process ri- 
ft. gives 


= Q* w c = '0,1 ~W += 0 or l(?,l = W iih 


or 


'0,1= ** = fpdv =«T, In; 


(B) 



Fig.E 5.24. Carnot cycle on a P-V diagram. 


Similarly, the first law of thermodynamics for the process r-J, gives 

“rf-“r=Gr*-^ = , 02 , - W 'a/ SsO ° f = W al 


or 


tel=w^= 


| Pdv= RT 2 In 



(O 


Substituting Eqns. (B) and (O in Eqn. (A), we get 
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1_ TjM ' 1 . 1 v j ) 
7]ln ( v t ( v„) 


(O) 


We know that for an ideal gas undergoing reversible adiabatic process TV" 1 
= conslanl. Therefore, for ihc adiabatic process b-c 


w = w 

Similarly for the adiabatic process d-a, we get 


From Eqns. (£) and (F). we get 


W = W-' or (^) T ’' = | 
I (F). we gel 


i_= ^ 

V J v a 

Substitute Eqn. (G) in Eqn. (D), to obtain 


(£> 


<F) 


(C) 


Example 5.25 

State the Carnot theorems. 

Solution : 

The second law of thermodynamics leads to several important consequences. 
The Carnot theorems are some of the consequences of the second law of 
thermodynamics. The Camot theorems (proposed by Carnot) deal with the 
efficiency of a Camot engine. The Camot theorems are as follows : 

Camot theorem I: 

No heal engine operating between the two given thermal reservoirs, with 
fixed temperatures, can be more efficient than a reversible engine operating 
between the same two thermal reservoirs. 

Camot theorem 2 : 

All reversible heat engines operating between the two given thermal 
reservoirs, with fixed temperatures, have the same efficiency. The efficiency of a 
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reversible heal engine does not depend on ihe nature of the working fluid, but 
depends only on the temperatures of the reservoirs between which it operates. 


Example 5.26 

Prove the Camot theorem- 1 stated in Example 5.25. 

Solution : 

The Camot theorem- 1 states that no heat engine operating between two 
thermal reservoirs, with fixed temperatures, can be more efficient than a reversible 
engine operating between the same two thermal reservoirs. To prove this, let us 
assume the contrary. That is. it is possible to devise an engine / (say an irreversible 
engine) such that its efficiency is greater than that of a reversible engine S.when 
both of them are operating between the same set of thermal reservoirs. 

Let Q , = energy absorbed by engine / and R. independently, from the 
source at temperature 7",. 

Q , — energy rejected by engine R to the sink at temperature 
Q = energy rejected by engine / to the sink at temperature 7',. 

W, W, = work delivered by engine R and /, respectively 
tl„ ri ( = efficiency of engines R and I. respectively. 

Then W,= Q,-Qa nd W„-Q,-Q 1 

>1, = I - (?/(?, and n* = I - QJQ, 

We assumed that I), > That is 

I - (?/(?, > I - QJQ, °rf?<G, 

Therefore W,= Q / -Q> W, = Q,-Q, 

That is, for the same amount of energy intake Q r Ihe engine / delivers more 
work than engine R. The extra work delivered by engine / is given by (IV, — IV # ) 

=G,-e. 

A schematic of the engines / and R. operating between the same two thermal 
reservoirs is shown in Fig.E 5.26 (a) 

Since the engine R is reversible, it can be operated to execute the cycle in the 
reverse. That is when work W g is done on the device, it absorbs energy (j, from 
the thermal reservoir at 7, and rejects energy £>, as heat to the thermal reservoir 
at 7j. Now we can combine the devices / and R as shown in Fig.E 5.26 ( b ). The 
work needed W K to operate the device R can be fed from the work delivered by 
engine /. and the energy Q, rejected by the device R can be supplied to the engine 
/. The device R receives energy Q. which is rejected by engine / and the balance 
of energy (Q 2 -Q) from the thermal reservoir at T 2 as shown in Fig.E 5.26 (6). 
The combination of the two devices / and R (enclosed by a dotted curve in 
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Fig.E 5.26 (/>)] constitutes a perpetual motion machine of the second kind ill 
violation of the second law of iheimodynamics. Therefore, our assumption that 
fl, > ti„ is incorrect. Hence n* 2 1 r That is no heat engine can be more efficient 
than a reversible engine if both of them are operating between the same set of 
thermal reservoirs, with fixed temperatures. 



(a) (6) 

Fig.E 5.26. Schematic io prove the Carnot Theorem I . 


Example 5.27 

Prove the Camot theorem-2 stated in Example 5.25 
Solution : 

Camot theorem-2 states that all reversible heat engines operating between 
the same two thermal reservoirs, with fixed temperatures, have the same efficiency. 
The efficiency of a reversible heat engine is independent of the nature of the 
working fluid, but depends only on the temperatures of the reservoirs between 
which it operates. To prove the first part of the theorem, let us assume the contrary. 
That is. the efficiency tl gl of the reversible engine R t is greater than the efficiency 
tl,, of the reversible engine R 2 . 

Let (?i = amount of energy absorbed, independently, by the reversible 
engines R I and R2 from the thermal reservoir at high temperature 

T,- 

Q, Q, = amount of energy rejected by the reversible engines R I and 111 
to the thermal reservior at low temperature T,. respectively. 
IV,,. W k; = work delivered by the reversible engine K1 and R2 respectively. 
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1*1 = = “ Q<Qi 

V2I i/l 

Since Q < Q v we have W fl| > W, ; . Thai is . for ihe same amount of energy Q, 
absorbed, the reversible engine Rl delivers more wort; than Ihe reversible engine 
R2. The cutra work delivered by Ihe reversible engine R, is given by 

A schematic of Ihe reversible engines RI and R2. operating between Ihe 
same two thermal reservoirs is shown in Fig.E 5.27 (a) 



(•> <b) 


Fig.E 5.27. Schematic to prove the Carnot's second Theorem. 


Since R2 is a reversible engine, it absorbs energy Q 2 as heat from the reservoir 
at T; and rejects energy g, as heat to the reservoir at T, when work W n is done 
on the device. The work W n needed to operate the reversible engine R2, in the 
reverse can be supplied by the reversible engine R I by combining the two devices 
Rl and R2 as shown Fig.E 5.27 (i). The net work delivered by the combination 
of the two devices is IV A| - W n = g, - g. This combined device absorbs energy 
(g 3 - g) from the reservoir at 7" 2 and does not interact with the other reservoir at 
T,. That is. the combined device is a PMMSK in violation of the second law of 
thermodynamics. Therefore, our assumption that il „, > tl K is incorrect. Hence 
1*3 s 1*r 

Now, assume that the reversible engine R2 is more efficient than the reversible 
engine R I and repeat the arguments as above to deduce that ti gl 2 ti m . Therefore 
we can conclude that r|», = »!«- 
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Thai is, all reversible engines operating between the same two thermal 
reservoirs, will have the same efficiency. 

To prove the second part of the theorem, that is the efficiency of a reversible 
heat engine is independent of the nature of the working fluid and depends only 
on the temperatures of the two reserviors between which it operates, assume that 
the reversible engine R\ and R2 are using two different working fluids. Also 
assume that the use of a different working fluid in engine R I makes it more 
efficient than engine R2. Now repeat the arguments as above and reach the 
conclusion that the efficiency of a reversible heat engine docs not depend on the 
nature of the working fluid. Since the engines Rl and R2 have the same efficiency 
while operating between the reservoirs at temperature 7j and T 2 . the efficiency 
of a reversible heat engine depends only on the temperatures of the two thermal 
reservoirs between which it works. 

Example 5.28 

What is a thermodynamic temperature scale or absolute temperature scale ? 

Solution : 

We know that a temperature scale can be established by assigning certain 
numerical values to two easily reproducible states and the temperature can be 
measured by measuring the change in the ihermometrir property of a substance 
such as the length of a mercury column in a capillary tube, the e.m. / generated at 
the junction of two dissimilar metals, or the electrical resistance of a wire. Since 
different substances have different relations between temperature and 
thermometric property, the temperature of a substance in a given state as measured 
by different thermometers will give different values. Therefore, it is necessary to 
establish a temperature scale which is independent of the nature of the 
(hermometric fluid, Such a temperature scale was established based on the second 
law of thermodynamics and this temperature scale is called the thermodynamic 
temperature scale or absolute temperature scale. 

Example 5.29 

Which principle or fact is made use of in establishing the thermodynamic 
temperature scale ? 

Solution : 

The thermodynamic temperature scale is established based on the second 
law of thermodynamics. A consequence of the second law of thermodynamics is 
Carnot theorem. The Carnot theorem -2 tells that the efficiency of a reversible 
heat engine does not depend on the nature of the working medium but depends 
only on the temperatures of the two thermal reservoirs between which it operates 
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This theorem is directly made use of in establishing the thermodynamic 
temperature scale. Hence, the establishment of a thermodynamic temperature scale 
is considered as a consequence of the second law of thermodynamics. 


Kxamplc 5.30 

Explain the establishment of a thermodynamic temperature scale. 

Solution : 

Let 0 denote the temperature as measured on the thermodynamic temperature 
scale and consider three isotherms at 0,. 0, and 0, such that 0, > 0, > 0,. Draw 
two reversible adiabatics intersecting the three isotherms as shown in 
Fig.E 5.30 (a). Then ABCDA constitutes a Carnot cycle operating with thermal 
reservoirs at 0, and 0.. Similarly DCEFD is another Camot cycle employing the 
thermal reservoirs at 0, and 0,. We can also have another Camot cycle ABEFA 
which uses thermal reservoirs at 0, and 0, as shown in Fig.E 5.30 (ft). 



Let a reversible engine / operate between the thermal reservoirs at 9, and 0 2 . 
The engine / absorbs Q t as heat from the reservoir at 0, rejects energy Q 2 as heat 
to the reservoir at 0, and does work W r Let the reversible engine II operate 
between the thermal reservoirs at 0, and 0,. The engine II absorbs energy Q 2 (the 
same amount which is rejected by engine I) from the reservoir at 0,. rejects 
energy Q 2 as heat to the reservoir at 0, and does work IV„. The thermal reservoir 
at 0j is unaffected, since it receives energy Q 2 from engine / and supplies the 
same amount to engine II. Let a third Camot engine operate between the thermal 
reservoirs at 0, and 0, . The engine III receives energy Q t from reservoir at 0, 
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and rejects energy Q y Co ihe reservoir al 0 V Then the work done by these engines 
are given by 

W,= Q,-Q : W„=Q 2 -Q, 

w,„ = ft - ft = ft - ft + (ft - ft) w„ 

All the three engines arc reversible and hence their efficiencies do not depend 
on the nature of the working medium and depend only on the temperatures of the 
reservoirs between which they arc operating. Hence the efficiencies of these 
engines are given by 

n,= i-^=/<e,.e 2 > 

V\ 

or g-i-/<e,.e 2 ) 

or ^L=F(0,.0,) 

Qi 

'-|=/« 6 , 0 3 ) 

or J = F(0 2 .0 3 ) 

tfl 

or § = «0,.0 j) 


Where / and F denote two different functions. 


Then 


a = GlZo. 
ft ft/ft 


or 


F(e,.0j) = 


f(8|,0.) 

f(0 : .0,) 


(A) 


We find that the LHS of Eqn.(A) is a function of 0, and 0 2 . Therefore, the 
dependence on 0, on the RHS of Eqn.(A) must cancel out. Hence, the nature of 
the function F should be of the form 
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«e,.0;)> 


IB) 


The choice of the function ip define*, the temperature wale. Kelvin choose 
the simplest choice for the function y as y(0) = 0. Then 


a. i>4 44 (c, 

Q 2 ' V(8’) 8; ft e 2 

That is. the ratio of the energy absorbed to the energy rejected as heat by a 
reversible engine is equal to the ratio of the temperatures of the source and sink. 
The Eqn.fOcan be used to determine the temperature of any reservoir by assigning 
a numerical value to one easily reproducible thermal reservoir (say the triple 
point of water 273.16 K) and by measuring the heat interactions Q. and Q,. 

Now the efficiency of a Carnot engine operating between two thermal 
reservoirs at T, and T, is given by 

-t-t 


Example 531 

Why is the thermodynamic temperature scale is also called absolute 
temperature scale? 

Solution : 

The efficiency of a Carnot engine is given by 

Since the efficiency of the heat engine cannot be greater than one. the lowest 
possible temperature on this scale is zero (0, = 0). Hence, the thermodynamic 
temperature scale is called absolute temperature scale. 


Kxample 5J2 

How many fixed points or reference points are used in establishing the 
thermodynamic temperature scale and what arc those fixed points ? 

Solution : 

Only one fixed point is used in establishing the thermodynamic temperature 
scale. The chosen fixed point is the triple point of water (0.0l°C) which has been 
assigned a numerical value of 273.16 K. 
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Example 5.33 

Show lhal Ihc thermodynamic temperature scale and the ideal gas temperature 
scale arc equivalent. 

Solution : 

Consider a Carnot heal engine, employing an ideal gas as the working 
medium, operating between two reservoirs at temperature T , and T 2 as measured 
by an ideal gas thermometer. Then, the efficiency of the Carnot engine is given 
by | See example 5.24] 


<A> 


OL = i 
ft h 

The absolute or thermodynamic temperature scale is established through the 
relation 


"--t— t- 


Where 0, and 0, are the temperatures on the thermodynamic temperature 
scale. From Eqns. (A) and (S). we find 

_£ 

Oj T 2 

Since, the fixed point for the establishment of the ideal gas temperature scale 
is the same as the fixed point for the establishment of the thermodynamic 
temperature scale, these two temperature scales are equivalent. 


Example 5J4 

What is a Carnot heat pump or Camot refrigerator ? Express the coefficient 
of performance of a Camot heat pump and a Camot refrigerator in terms of the 
temperatures of the thermal reservoirs between which they operate. 

Solution : 

A Carnot cycle consists of only reversible processes. Hence, one can 
hypothetically construct a device which executes the cycle in the reverse order. 
The reversed Camot cycle is used as a heat pump or refrigerator cycle. A schematic 
of the Camot heat pump or refrigerator is shown in Fig.E 5.34. The Camot heat 
pump or refrigerator absorbs energy Q L as heat from a low temperature reservoir 
at T l . rejects energy Q H as heat to a high temperature reservoir at T f/ when work 
W is performed on it. 
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(COP). 


_ Qh - Qh - 

w q h .q l 


t h 

Th-T l 


«COP) B „,^, 


Ql = ft. = ^L_ 

w Qh-Ql T h -T l 



Fig.E 5.34. Schematic of Carnot heat pump or refrigerator. 


Example 5.35 

It is desired to set up a geothermal power plant at a site where the underground 
source of hot water is at 80°C and the ambient atmospheric air is at 30“C. 
Determine the maximum possible thermal efficiency of the power plant and the 
maximum power output of the plant if the rale at which energy can be supplied to 
the device is I kJ/s. 

Solution : 

We know that only a reversible heal engine can have the maximum efficiency 
and all reversible engines operating between the same set of thermal reservoirs 
will have the same efficiency. It is also known that the efficiency of a reversible 
engine does not depend on the nature of the working fluid, but depends only on 
the temperatures of the reservoirs between which it operates. The hot water at 
80"C or 353. 1 5 K can be used as source and the ambient atmospheric air at 30"C 
or 303.15 K can be used as sink.Then 


1 = 


-t— 


303.15 

353.15 


= 0.1416 
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n = 


a 


or 0.1416 = — -7 or IV = 0.l4l6kW 

lx 10' 

Therefore, the maximum power output of the plant = 0.1416 kW 
Maximum thermal efficiency =0.1416 


Kxamplc 5.36 

An inventor claims to have designed a heat engine which absorbs I kJ of 
energy as heat at 727”C and delivers 0.6 kJ of work when the ambient temperature 
is 27'C. Would you agree w ith this claim? 

Solution : 

The maximum possible efficiency of a heat engine operating between two 
thermal reservoirs is given by 


n = 


»' ■ T 2 300 

Q, 7j 1000 


= 0.7 


Efficiency claimed by the inventor, tj , clMml = 


IV 

a 


06 

I 


= 0.6 


The claimed efficiency (0.6) is less than the maximum possible efficiency 
(0.7) and hence it is feasible to devise such an engine. 


Kxamplc 5J7 

A reversible heat engine delivers 0.65 kW power and rejects energy at the 
rate of 0.4 kJ/s to a reservoir at 27”C. Determine the efficiency of the engine and 
the temperature at which energy is absorbed by the engine. 

Solution : 

We know that IV = Q, -Q, or Q, = W + Q, 

or Q, = 0.65 + 0.4= 1.05 kJ/s 


0.65 

1.05 


or 7j = 787.4 K 


or 
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Therefore, efficiency of Ihc engine = 0.619 
Temperalurc of the source = 787.4 K 

Example 5.38 

A reversible heat engine has an efficiency of 0.6 when it absorbs 400 kJ of 
energy as heat from a reservoir at 537°C. Calculate the sink temperature and the 
energy rejected as heat to Ihc sink. 

Solution : 

We know that r| = or 0.6=1- 

7| 810 

or f, = 324 K or 5 l“C = sink temperature 

We also know lhat = or Q,= 

Cfc *2 'i 

or Q 1 = 400 x 324/810= 160 kJ 

= energy rejected to sink 


Example 539 

It is proposed to design a cold storage for maintaining certain vegetables 
under fro?en conditions at -20“C. The ambient temperature in summer is 37“C 
and the estimated energy transfer as heat into the cold storage through the'doors, 
walls and roof is 3 kJ/s. Determine the minimum power required to operate a 
refrigeration plant for maintaining the cold storage. 

Solution : 

The coefficient of performance of the refrigerator working between two 
thermal reservoirs at temperatures 7,(-20"C) and T„ (37°C) is given by 


(COP) Kri 


2l=_JL_ 

w T tt-T,. 


or 


<COP) Rll ■ 


Tu-T. 310-253 


(COPV,= 4.4386=^ = ^ or IV = 0.6759 kJ/s 

The maximum COP of a practical refrigerator is that of a Carnot refrigerator. 
Hence, the maximum possible (COP) of the refrigerator = 4.4386 
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Areversible refrigerator requires ihc minimum power to operate it.Therefore, 
the minimum power required = 0.6759 kW. 

Example 5.40 

The normal boiling point of liquid helium is 4.2 K and the enthalpy of 
vaporization at this temperature is 83.3 J/mol. It is required to produce liquid 
helium from saturated vapor at 4.2 K at the rale of one mole per second when the 
ambient atmospheric temperature is 37°C. Calculate the maximum possible 
coefficient of performance a refrigerator can have at these conditions and the 
minimum power consumption of the refrigerator. 

Solution : 

The maximum possible COP of a practicable refrigerating device is equal to 
the COP of a Carnot refrigerator. 

(COP,c -“' = Ta-T,. = 310.15- 4.2 
= l.3728xl0" J 
<COP) Rtlnfajl „ = 

Ol 

or Umxl0-'- = — or lV = 6.068kJ/s 

The minimum power consumption - 6.068 kW 


Example 5.41 

It is proposed to produce 1 000 kg of ice per hour from liquid waler at O'C in 
summer when the ambient atmospheric temperature is 37“C. It is planned lo use 
a heat engine lo operate the refrigeration plant. Hot water at 70°C which is 
produced by solar heating, may be used as a source lo supply energy as heat to 
the heat engine and the engine uses the ambient atmospheric air as sink. Calculate 
(a) The power required by the refrigeration plant. (6) The ratio of the energy 
extracted as heat from the freezing water to the energy absorbed as heat by the 
heat engine and (c) The rate at which energy is rejected to tire ambient atmosphere, 
by both the devices. The enthalpy of fusion of waler at 0°C is 333.43 kJ / kg. 

Solution : 

A schematic of the heat engine and the refrigerator is shown in Fig.E 5.4 1 . 
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Rg.E 5.41. Sketch for Example 5.41. 




(COP). . = 


e t = 




310-273 
1000 x 333.43 


crefore. IV = — ^ = 12.553 Id /s 

<COP) Rc , 7.3784 

Power consumption of the refrigeration unil - 1 2.553 kW 

(t)n= £ = e£2L =I -i 

(?t Ot T, 


Q l= g ( nV = (COP) Ell = JJ784_ = 07098 
(?t 0|/H' I ft) 1/0.0962 


<«•) g- = £ or Q 1 =Q,.h = 2l^£. =0.90380, 

a Ti r, 343 
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Q-'-= or Q h =Q l ^ l = Ql—= 1-1355 0 , 
Qi T , T, 1 27.3 ' 

Kale of energy rejection lo the ambient atmosphere = 0 , + 0 „ 


ffj + Q„ = 0.9038(2, + 1.13550, = 0.9038+ 1.1355 


A 


Therefore. 


= (0.9038+ 1.1355 x 0.7098)0, 
= 1.7098 0, 



12.553 

0.0968 


130.489 kJ/s 


0, + 0„ = I 7098 0, = 1 .7098 x 1 30.489 = 223. 1 1 kW 


Example 5.42 

Two Carnot engines / and // operate in series between a high temperature 
reservoir at 1 027°C and a low temperature reservoir at 27°C.The engine / absorbs 
energy from the high temperature reservoir and rejects energy to a reservoir at 
temperature T. The engine II receives energy from the reservoir at T and rejects 
energy to the low temperature reservoir. The amount of energy absorbed by engine 
II from the reservoir at T is the same as that rejected by engine / to the reservoir 
at T , If engines / and II are found to have the same efficiency, determine the 
temperature T. If engine / receives 1 00 kJ energy as heat from the high temperature 
reservoir, calculate the work delivered by engine / and engine II. 

Solution : 

A schematic of engines I and II is shown in Fig.E 5.42. 

1,= I” and % = l-^ 


n , = n„ or 1 -^ = 1 ~^otT= = 624.sk 

7, T 

Therefore, the temperature of the intermediate reservoir = 624.5 K 


1 , = 

w , m 


- = 0.5196 


T | 624.5 
7j ” 1300 
tl, 0 , = 0.5196 x 100 = 51. 96 U 


Si 

Q , 


— or 0J = — 01 = ?— X 100 = 48.038 kJ 
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Fig.E 5.42. Sketch for Example 5.42 


W,, = If,, Q 2 = 0.5 1 96 x 48.038 = 24.96 kJ 


Example 5.43 

Two reversible engines are operating between three thermal reservoirs at 
temperature T t ,T, and T v respectively. The first engine operates with the reservoirs 
at 7*, and T 2 while the second engine operates between the reservoirs at T, and T y 
The second engine absorbs energy from the reservoir at T 2 such that the reservoir 
is unaffected. Determine a relation among T v T t and T, if: (a) the efficiencies of 
both the engines are same (6) the work output of both the engines are same. 

Solution : 

A schematic of the layout of the engines is shown in Fig.E 5.43. 


(a) ill = I - -=?■: nn 


I- 


£ 

r. 
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Fig.E 5.43. Sketch for Example 5.43. 


Tli = %gi«s£ = £ or r : =V 7ft 
*\ *2 

(ft) W-, = 3V„ or tliOi = tl H Oz or n.^Tlu Ml 

The second engine absorbs energy Q , from Ihe reservoir at 7", such that the 
reservoir is unaffected. That is the engine II absorbs the same amount of energy 
as the engine / rejects to the reservoir. 


0l = Zl 

a h 

Substitute Eqn. IB) in Eqn. (A), to obtain 



IB) 


ZL 


£=2 or 7i = 
'2 


Ti-t-T, 

2 


or 
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Example 5.44 

The efficiency of a Carnot heat engine can be increased either by increasing 
the source temperature while the sink temperature is held constant or by decreasing 
the sink temperature while the source temperature is held constant. Which of the 
above two possibilities is more effective ? 

Solution : 

Let tlj = efficiency when the source temperature is increased by AT (AT > 0) 
while the sink temperature is held constant. 

H n = efficiency when the sink temperature is decreased by AT(AT> 0) while 
the source temperature is held constant. 


T, T, - AT 

n ' = '-t r^f and ni,=, "V _ 


or 


it - n,i - 


+ T 2 AT -(AT) 2 -T t T 2 
7|(7j +AT) 


_ AnT 2 -T,)-lATf 
W-fAT) 

(The denominator is always positive. T 2 — T, < 0 and A T > 0. Hence the 
numerator is negative.) 

or n„>n, 

Therefore, decreasing the sink temperature while the source temperature is 
held constant is more effective in increasing the efficiency of a Carnot engine. 


Example 5.45 

The COP of a Carnot refrigerator can be increased either by decreasing the 
temperature of the high temperature reservoir, while the low temperature reservoir 
is held at constant temperature or by increasing the temperature of the low 
temperature reservoir while the high temperature reservoir is held at constant 
temperature. Determine which of the above two possibilities is more effective. 

Solution : 

Let (COP), = COP of refrigerator if the temperature of the high temperature 
reservoir is decreased by AT (AT > 0) while the low temperature reservoir is held 
at constant temperature. 
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(COP)j = COP of refrigerator if the temperature of ihe low temperature 
reservoir is increased by AT (AT > 0) while the high temperature reservoir is held 
at constant temperature. 


Then 


(COP), = 


II 

(T,i~AT)~T l 


and 


(COP), = 


T,*AT 

Th-Ul+XT) 


(COP), - (COP), = 


Tf 7/ + AT -AT 

Tu-AT-T, Tu-T, -AT = Tu-T, -AT' 


Therefore, (COP), > (COP),. That is. to increase the COP of a refrigerator it 
will be better to increase the temperature of the low temperature reservoir while 
the temperature of the high temperature reservoir is held constant. 


Example 5.46 

It is desired to maintain an auditorium at 25°C throughout the year. Hence, it 
is planned to use a reversible device which can be used as a refrigerator in summer 
and as a heat pump in winter. The ambient temperature in summer is expected to 
reach 45*^ and in winter the minimum temperature may touch 3“C.The energy 
loss through the walls, roof and doors is estimated at 50 kJ/s. Determine the 
minimum power required to operate the device in summer and in winter. 

Solution : 

A schematic of the reversible device which is used as a refrigerator in summer 
and as a heat pump in winter is shown in Fig.E 5.46. 



Summer season 


Fig.E 5.46. Sketch for Example 5.46. 
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Summer season : 

Energy lo be extracted from auditorium. Q,= 50 kJ/s. 

Ambient atmosphere acts as high temperature reservoir and the auditorium 
is the low temperature reservoir. 

Therefore. T„ = 3 1 8 K; T L = 298 K 


(COP) Rrf = 


0L = _£_ 

W T h -T l 


or W = QjM'! - T l1 

•l 


or W -. 


50(318 - 298) 


3.356 kW 


298 

Winter season : 

The ambient atmosphere acts as low temperature reservoir, while the 
auditorium is high temperature reservoir. Therefore. 

T„ = 298 K; T L = 276 K; Q„ = 50 kJ/s 


(COP),*,^ 

50(298 - 276) _ 3 
298 


w= M&zIl1 

T h 


Example 5.47 

A Carnot refrigerator consumes 200 W power in summer when the ambient 
atmosphere is at 40°C. The rate of energy leak into the refrigerator through the 
doors is estimated as 20 W per degree Celsius temperature difference between 
the ambient atmosphere and the cold space of the refrigerator. If the refrigerator 
is continuously operated, detetmine the temperature at which the cold space is 
maintained. 

Solution : 

The energy to be removed as heat from the cold space is given by 
0, = 20(T h -T i ) 


(COP). 


Ql, 

W 


T,. „ 20 (T h -T,) _ T l 

T h -T l W (T h -T l ) 


,T 7-t 3 - 200T '- i nr 

or IT„ T L r* "20 ~ jo 021. 

or (313 —TJ* = 10 T l or T L = 374.17 K and 261.83 K 
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T L = 374.17 K is in admissible, since it is greater then T H . 
Therefore, the cold space temperature T L = 261.83 K or -ll,)7"C 


Example 5.48 

Show that E QfT <, 0 for any engine, where Q is the heal interaction, (including 
the sign convention), with the reservoir at temperature T. 

Solution : 

We know that for a reversible engine 




Now, if we take into account the sign convention for heat interaction, the 
above expression can be written as 


a_(ift) = 0or (i + £ =0 

T, T, T. T, 


or 


= 0 for a reversible engine 


W> 


Now let us consider an irreversible engine which receives energy 1(^,1 as heat 
from a reservoir at T, and rejects energy I0',l as heat to a reservoir at TV Since 
the efficiency il of the irreversible engine is less then the efficiency tl of the 
reversible engine, we have 




or ISU&l „ JaL&Uo 

T i h 

Taking the sign convention for heat interaction into account, the above 
expression can be written as 



^<0 

*1 ‘2 


or 
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or £ y < 0 for an irrcvesible engine (8) 

Eqns. Ml and (B) can be expressed in a general form as 
£ 0 for any engine. 


Example 5.49 

Show that any reversible process can be approximated by a scries of 
reversible-isothermal and reversible-adiabatic processes. 

Solution : 

Consider a system undergoing a reversible process l-B-2 as shown in 
Fig.E 5.49. Draw a reversible adiabatic I -a. a reversible- isothermal ahe and a 
reversible adiabatic 2-r. Suppose the combination of the processes I -a. a-l>-c 
and c-2 arc such that the areas enclosed by l-a-b and b-c-2 ate equal on a P-V 
diagram. Then the actual reversible process l-ft-2 can be replaced by the 
combination of the above processes, resulting in the overall process l-a-fc-c-2. 
The processes 1 1)2 an 1 ah< 2 are equivalent if and only if the heat and work 
interactions are identical for both the processes. To verify whether the processes 
are identical or not. let us apply the first law of thermodynamics for these two 
processes. 



Fig.E 5.49. P-v diagram showing a reversible process l-b-2 can he 
approximated as a series of reversible-isothermal and reversible-adiabatic processes. 


For the process lahc2, we get 
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u 2~ u , = - »V 2 = Q, a * * Q r2 - 

= Q^- w „ a . : 

(Since la and c2 are reversible- adiabalic processes) 

For Ihe process I -b-2 we gel 

Now. consider ihe cycle I -a-b-t—2-h- 1 . The net work done in this cycle is 
zero since Ihe area enclosed by l-a-b is equal lo Ihe area enclosed by b-c-2 on 
a P-V diagram. Thai i« 

or (O 

Thai is. ihe work done during Ihe process I -b-2 is equal lo Ihe work done 
for the process l-n-b-r—2. From Eqns. MHO. wc find 

0Mr2“ = 0| fc2 - 

Thal is. ihe heal inlcraclions along the processes I h2 and iabi'2 are idenlical. 
Since work and heal interactions along the original reversible process l-b-2 are 
Ihe same as those of the modified process 1-a-b-c— 2, Ihe process I— />— 2 can be 
replaced by Ihe process 1— a— b-c— 2. 


Example 5.50 

Stale and prove Ihe Clausius inequality. 

Solution : 

The Clausius inequality slates that whenever a system undergoes a cyclic 
change ihe algebraic sum of Ihe ratios of heal interactions to Ihe temperature at 
which the heat interaction occurs, over the complete cycle is less than or equal to 
zero. Stated mathematically {dQfT <, O.The equality sign holds good if the cycle 
consists of only reversible processes. 

To prove the Clausius inequality, consider a system which undergoes the 
cyclic change as shown in Fig.E 5.50. Now. draw a family of closely spaced 
adiabatic lines similar to «-3 and 2-f covering Ihe entire cycle. Then join ihe 
adjacent adiabatic lincsa-3 and 2-f by the isothermsa-b-c and tl-e-f as shown 
in Fig.E 5.50. such that the area of lab = area of bc2 and area of 3 de = area of 
e/4. 

Thus the segments Ib2 and 3e4 of the reversible cycle are replaced by 1 eibe-2 
and Me/4, respectively. Now the differential cycle ahcAfrda is a Camot cycle. 
Thus the original cycle can be transformed into a combination of several 
differential Camot cycles. We know' that for a Camot cycles £ Q/T = 0 or for a 
differential Camot cycle f dQfT =0. Therefore, for the given reversible cycle, 
we get 
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jdQIT = 0 


For a reversible cycle (A) 



Fig.E 5.50. A reversible cycle is approximated as a combinaiion of several Carnol 
cycles. 


Now consider an irreversible cycle. Thai is, some processes of the cycle may 
be irreversible. We can follow the above argument and find that ihe given cycle 
splits into a large number of differential cycles of which some are irreversible. 
For the reversible cycles we have f dQ/T = 0 and for the irreversible cycles we 
have j dQ/T < 0. Then for the original irreversible cycle, we get 

_f dQ/I' < 0 For an irreversible cycle (Hi 

The Eqns. (A) and (fl) can be generalized as 

jdons. 0 

which is the Clausius inequality. 


Ksample 5.51 

A reversible heat engine interacts with three thermal reservoirs at 500 K, 400 
K and 300 K. respectively. The engine does 300 kJ of net work and absorbs 900 
ki of energy as heat from the reservoir at 500 K. Determine the magnitude and 
direction of heat interactions of the engine with the other two reservoirs. 

Solution : 

A schematic of the heal engine which interacts with three thermal reservoirs 
is shown in Fig.E 5.51. Let Q r Q, and Q, denote the heat interactions with the 
reservoirs at 500 K. 400 K and 300 K. respectively with the direction of energy 
flow as shown in Fig.E 5.51. Application of the first law of thermodynamics to 
the heat engine gives 
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Fig.E 5.5 1 . Sketch for Example 5.5 1 . 


Q,-Qj- Q, = iv 

or 900-G,-e,= 3OOor0 2 + e, = 6OOkJ (A) 

Application of the .second law of thermodynamics (in the form of Clausius 
inequality) to the reversible heat engine gives 

rJQ = 200 _a._ ft. 

J T 500 400 300 

or 1 5 (? 2 + 20(7,= 7200 <fi) 

Simultaneous solution of Gqns. (A) and (fi) gives 

Q, = 960 kJ and Q, = -360 kJ 

That is the engine absorbs 360 kJ energy from the reservoir at 300 K and 
rejects 960 kJ to the reservoir at 400 K. 

Example 5.52 

An inventor claims to have designed a heat engine which absorbs 260 kJ of 
energy as heat from a reservoir at 52°C and delivers 72 kJ work. He also states 
that the engine rejects 100 kJ and 88 kJ of energy to the reservoirs at 27°C and 
2°C. respectively. Judge whether the claim is acceptable or not. 

Solution : 

A schematic of the heal engine is shown in Fig.E 5.52. The claim can be 
verified from a thermodynamic point of view. If the proposed device satisfies the 
first and second laws of thermodynamics, then it is a theoretically feasible device. 
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If it violates any of the two laws, then it is an impossible device. The first law of 
thermodynamics gives 

jdQ = 260 -100 - 88 = 72 kJ = j dW. 

Hence, the first law of thermodynamics is satisfied. The second law of 
thermodynamics gives 



260 100 88 
325 300 275 


0.1467 > 0 


The Clausius inequality (second law of thermodynamics) requires that 
§ dQfT <, 0. Since the claimed device gives jdQ/T > 0. The device is not 
theoretically feasible. 



Rg.E 5.52. Sketch for Example 5.52. 

Example 5.53 

A reversible heat engine exchanges energy with three reservoirs at 
temperatures 1000 K, 800 K and 600 K. respectively. It receives 2000 kj and 
1 200 kJ of energy from the reservoirs at 1 000 K and 800 K. respectively. Calculate 
the energy exchanged with the third reservoir and the work output of the engine. 
Solution : 

A schematic of the reversible heat engine is shown in FigE. 5.53 
The first law of thermodynamics gives 

2000 + 1200 - Q, = W or 3200 - G, = IV 
The second law of thermodynamics gives 


(A) 
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2000 1200 ft 
1000 + 800 600 = ° 
or e, = 2100tJ 

From Eqn. (A), we gel H'= 1 100 Id 



Fig.E 5.53. Sketch for Example 5.53. 


Example 5-54 

Suppose a system undergoes a change of state reversibly from the given 
f 2 

initial state to a given final state. Show that j dQ/T is the same for all reversible 
paths 

Solution . 

Suppose a system is taken from the initial stale I to the final stale 2 along the 
path A. reversibly and then it is restored to the initial state by following another 
reversible path B as shown in Fig.E 5.54. Then the system has undergone a 
cyclic change and it is a reversible cycle. Application of the Clausius inequality 
to the reversible cycle I A2B 1 . we get 



0 
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That is, the value of JdQ/T is the same whether the system follows the 

reversible path I A2 or the reversible path I B2. In otherwords, the value of JdQIT 
is independent of the path, as long as the path is reversible. 


Note The value ofldQTT), is path independent and depends only on the initial and 

final states. That is ( dQ/T) f is an exact differential of some function or property 
which we call it as entropy S . Hence we can say lliar the change in the entropy dS , 
of a system is given by dS = (dQfl)n where the subscript R denotes that the value 
is to be evaltuired along a reversible path. 



Fig.E 5.54. Two reversible paths by which a system can reach state 2 from state I. 


Example 5.55 

Suppose a system undergoes a change of state. How do you estimate the 
entropy change of the system? 

Solution : 

We know' that the change in entropy is given by 


S 2 -S 



This relation can be used to calculate the change in entropy if the system 
changes from state I to state 2 through a reversible process only. We also know 
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that entropy is a property or a state function. The change in property is determined 
by the initial and final states only and not on the path followed by the system. 
That is. if a system changes its state whether reversibly or irreversibly, the change 
in the property would be the same. Therefore, if a system undergoes an irreversible 
process, it is not necessary to evaluate the entropy change for the actual process. 
One can substitute the actual process by an imaginary reversible process 
connecting the initial and final stales of the system and evaluate the entropy 
change for the imaginary reversible process by making use of the relation 

jilS = j{dQI T) k . The entropy change of the system for the actual irreversible 
path would be identical with that for the imaginary reversible process. 


Example 5.56 

The contents of a large constant temperature bath at IOO“C is continuously 
stirred by a 200 W paddle wheel. Estimate the change in entropy of the bath in 
one second. 

Solution : 

Consider the contents of the constant temperature bath as the system. Paddle 
wheel work is done on the system which increases the energy of the system due 
to irreversible fluid friction. Clearly this process is irreversible. To estimate the 
entropy change of the system, one can imagine a reversible path in which an 
equivalent amount of energy is added to the system. Then the change in the 
entropy of the system is given by 

AS= \(4l] =2 = — = 0.5362J/K 
T j, T 373 


Example 551 

Calculate the change in entropy if : 

(а) One kg of water at 30"C is heated to 90“C at constant pressure, by placing 
the container on a hot plate. The specific heal of water is 4.2 kJ/kg K. 

(б) One kg saturated liquid at 30°C is convened into superheated steam at I 
bar and 200"C. 

Solution : 

(a) If water is heated from 30"C to 90°C by bringing it in contact with a hot 
plate, there is a large temperature difference between the water and the hot plate. 
Hence the process of heating is clearly irreversible. To evaluate the entropy change 
one can devise a reversible process by which the system is taken from the given 
initial suite to the given final stale. The water can be placed in contact with a 
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series of thermal reservoirs, the temperatures of which change from 30°C to 
90°C and add energy as heat reversibly. For this imaginary reversible process, 

the entropy change can be calculated through the relation AS =• j(dQ/T) K . We 
also notice that the heat interaction at constant pressure is equal to the change in 
the enthalpy. Hence, we can write 

= 4.2 ln^ = 0.7588kJ/kgK 

(fe) The initial state is saturated liquid at 30°C and the final state is superheated 
steam at I bar and 200“C. The process by which the change of state look place is 
not specified. It may be a reversible or irreversible process. Since the entropy is 
a state function, its change does not depend on the process followed by the system 
but depends only on the initial and final states of the system. Now one can read 
the values of entropy of water from the steam tables and obtain the following 
information. 

Specific entropy of saturated liquid at 30°C = 0.4365 kJ/kg K 

Specific entropy of superheated steam at I bar and 200“C = 7.8349 kJ/kg K 

Therefore, As = 7.8349 - 0.4365 = 7.3984 U / kg K 


Example 5.58 

One mole of methane contained in a piston-cylinder assembly at I bar is 
heated at constant pressure from 300 K to 400 K. If the molar heat capacity of 
methane is given by 

C p ~ 17.449 + 60.449 x 10-' T+ l.l 17 x 10^ T 2 - 7.204 X lO^ T 5 

Where C p is in J/mol K and T is in K. calculate the change in entropy of 
methane. 

Solution : 


We know that for a constant 


pressure process Q = AH = J CpdT 


The entropy change, Ar = = = J 




(a+bT + cT 2 +</r') 


T 



SECOND LAW OF THERMODYNAMICS AND ITS APPLICATIONS 


287 


or Ar = flln^+4(r 2 -T l )+^-7i l )+4(7?-7?) (A) 

'i 23 

Substitute a = 1 7.449; h = 60449x 10-’; c = 1 .1 17x I O' 6 ; 
d = - 7.204 x 10-’; 7", = 300 and T, = 400 in Eqn (A) lo oblain Ai = 11.015 
J/mol K 


Example 5.59 

One mole of nitrogen contained in a rigid and insulated tank at 300 K is 
stirred by a paddle wheel, which is operated by a 60 W electric motor, for 2 
minutes. If the molar heat capacity at constant volume for nitrogen is given by 
C, = 1 8.956 + 4.93 x 10"' 7 where C, is in J/mol K and 7 is in Kelvin, calculate 
the change in the entropy of nitrogen. 

Solution : 

Consider the nitrogen gas as the system and apply the first law of 
thermodynamics to obtain 

Au= q - W = -H 1 * = 60 x 2 x 60 = 7200 J 

The process undergone by (he system is irreversible. To estimate the entropy 
change we should know the final temperature of the gas. 

r. 

Au = jdu = Jc,dT= J(a+bT)dI 


= a( r 2 -r l ) + |(7i 2 -7i I ) 

or 7200= 18.956 (7,-300)+ 4-93 * 10 (T 2 2 - 300) : 

or T ; = 638.5 K (the second value - 8328.5 K is inadmissible) 

Now. the entropy change can be calculated as 

= ulni + «r,-7i) 

= I8.956ln^^ +4.93x10-’ (638.5 - 300) 
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or 


Ai= 15.987 J/mol K 


Example 5.60 

The enthalpy of fusion (or the latent heat of fusion) of water at 0°C is 
333.43 kJ/kg. Determine the change in entropy if one kg of ice melts to liquid 
water at 0“C when (a) ice is added to a mixture of ice and water at 0°C and energy 
is transferred as heal reversibly ( h ) ice is left in the surroundings which is at 
30°C. 


Solution : 

(a) Pure substances undergo phase change at constant temperature and 
pressure. During the phase change energy is added at constant temperature and 
the process is reversible. For the reversible process the entropy change can be 
calculated through the relation 


Therefore. 



and for phase change dQ = dH. 


^^=333.43x1^ 

T 273 8 

(b) If ice at (TO is left in the surroundings at 30°C. the energy transfer as 
heal takes place with large temperature difference and the process becomes 
irreversible. Since entropy is a state function, its change is independent of the 
process and depends only on the initial and final states. The heat interaction for a 
constant pressure process is equal to the change in the enthalpy (the latent heat of 
fusion) and the enthalpy change can be determined form a knowledge of initial 
and final states. The entropy change in this case also is 1.2214 kJ/kg K, because 
it is the change in the property which does not depend on the path followed by 
the system. 


Example 5.61 

The enthalpy of vaporization of water at I00"C and 200“C is 2256.94 kJ/kg 
and 1938.53 kJfkg, respectively. Calculate the entropy change associated with 
the vaporization process at IOO°C and 200°C and compare the results with the 
values given in steam tables. 

Solution : 

The vaporization of liquid occurs at constant temperature and pressure. 
The heat interaction for this process is equal to h /t = h g - = latent heat of 
vaporization. Then 
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A.(MlOOf-C)-^j = 6-048JkJ/kgK 

Av(at 200’C) = = 4.0971 kj / kg K 

The values given in Ihe Meant tables arc 

Aj (at IOO"C) = # f - s t = 7.3554 - 1 .3069 = 6.0485 kJ/kg K 

At (at 200“C) = J, - J, = 6.4278 - 2.3307 = 4.097 1 kJfkg K 

Example 5.62 

A lump of steel of mass 10 kg at 627°C is dropped in 100 kg of oil at 30"C. 
The specific heats of steel and oil are 0.5 kJ/kg K and 3.5 kJ/kg K, respectively. 
Calculate the entropy change of steel, the oil and the universe. 

Solution : 

Let T = final equilibrium temperature. 

Then energy lost by steel = energy gained by oil 
l mC r A 71^, = [ntC p A T ] 
or 10 x 0.5 x (900 - 73 = 100 x 3.5 x (T- 303) 
or T = 320.43 K 

A«s~t = }^^ = mC^n^ = IOx0.5ln^^ 

= - 5.16.37 kJ/K 

T 320.43 

At ^t = mC F In = 100 x 3.5 In 

= 1 9.5759 kJ/K 

As = At + As =-5.1637+19.5759. 

= 14.4122 kJ/K 


Example 5.63 

A lump of steel of mass 15 kgat80O°C is dropped in 10 kg of water at 30°C 
contained in an insulated container which is open to the atmosphere. If the specific 
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heat of steel is 0.5 kJ/kg K, calculate the change in entropy of steel, water and the 
universe. Use steam tables for the properties of water. 

Solution : 

From steam tables we find the following data. 

At 30°C : A, = 1 25.66 kJ/kg ; s, = 0.4365 kJ/kg K 
At 100“C: *,= 41 9.06 kJ/kg ; s f = 1 .3069 kJ/kg K 
A, = 2676.0 kJ/kg ; s ( = 7.3554 kJ/kg K 
If the lump of steel reaches a final temperature of I00“C 
The energy lost by steel = 15 x 0.5 <800 - 100) = 5250 kl 
If the water changes from 30"C to 100“C 
The energy gained by water = 1 0 (4 1 9.06 - 1 25.66) = 2934 kJ 
This clearly shows that some water vaporizes. 

The energy available for vaporization = (5250 - 2934) = 2316 kJ 

Mass of water vaporized = -7— = = 1.026 kg 

h 2676.0 - 419.06 

Therefore, in the final state, the system is at lOO’C and has 1.026 kg of 
saturated steam and 8.974 kg saturated liquid. The initial and final states are 
shown in Fig.E 5.63. 


Initial state Pinal state 



Fig.E 5.63. The initial and final slates of system. 

AS,. = mC.ln ^ = ISxO.SIn— = -7.9248 kJ/K 
' T, 1073 

aS »«,= 1 .026s (at I00»C) + 8.974i (at I00°C)- 10s 
(at 30°C) 

= 1.026 x 7.3554 + 8.974 x 1.3069 - 10x 0.4365 


14.9098 kJ/K 
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A S mntnc = AS llw| + AS >iKI = -7 9248 + 14.9098 = 6.985 kJ/K 


Example 5.64 

A mass m of liquid al temperature T { is mixed with an equal amount of the 
same liquid al temperature 7. in an insulated container. Show that the total entropy 
change due to mixing is given by 

At = 2mC r In 

Where C p is the specific heat of the liquid. 

Solution : 

Let T= Final equilibrium temperature ol the liquid 
The principle of conservation of energy gis'es 

mCplT-T l ) + mCp(T-T 1 ) = 0 or T = 1 ^ 1 


Then. 


A 5= mC p In — F/nC;»ln” = mC/>ln 


i 2mCpln 




- 2mC P ln 



Example 5.65 

An insulated tank contains 5 kg supercooled liquid water at-IO°C and I bar. 
If a crystal of ice of negligible mass is added to the water it acts as a seed for 
solidification and the water freezes Given that the latent heat of fusion of water 
at 0X2 is 333.43 kJ/kg and the specific heal of water is 4.2 kJ/kg K, calculate the 
mass of water frozen and the change in the entropy of water. 

Solution : 

Let X = mass of water frozen into ice. 

The principle of conservation of energy gives 

(Energy gained by water in reaching 0X2 from - I0°C] = Energy released by 
water at 0X2 during solidification of X kg ice] 

5 x 4.2 (273-263) = 333.43 X 
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or X = 0.63 kg 

The solidification process can be replaced by an imaginary path as given 
below for the purpose of calculating the entropy change. 

(5kg water at -10°C) — — — * (5kg water at 0°C) — — — * (0.63kg ice a 0“C 
+ 4.37 kg water at 0“C| 

AS, = 5 x4.2ln^ = 0.7837 kJ/K 
1 263 

^ = _O63x«3^ = _ 0 7695kJ/K 

Total AS = AS, + AS, = 0.7837 - 0.7695 = 0.0 1 42 kJ/K 


Example 5.66 

Suppose an ideal gas initially at (/’ 1 ,v | ,7' | ) is changed to ( P 2 ,y 2 ,T 2 ). Devise 
two different convenient paths and derive relations for the estimation of entropy 
change. 

Solution : 

The initial state I at temperature T, and final state 2 at temperature T, of an 
ideal gas are shown in Fig.E 5.66. There are a large number of paths by which 
these two states can be connected. However, for the convenience of calculations, 
we use two paths. 

First path : Constant volume heating followed by isothermal expansion. 

path l-a -2 

Second path : constant pressure heating followed by isothermal compression 
palh l-fr-2. 

For the constant volume heating process I -a, the cnangc in entropy is 
given by 




For the isothermal expansion process a -2. the entropy change is given by 
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. (dq (du+ dW r Pdv f Rdv v, v 2 
idu = 0 for an ideal gas when T is constant) 



Fig.E 5.66. Two different reversible paihs connecting the initial state I and the final 
state 2. for estimating entropy change. 


Therefore, the entropy change for the path I -a - 2 is given by 
A v,= Ar lu + A i o 2 =C, In^ + tfhA 

/, v, 

For the constant pressure heating process lb. the change in entropy is 

given by 


AJ|»“ 




h 

I 


For the isothermal compression process b2. the change in entropy is 
given by 



du + dW 
T 



We know that for an ideal gas 
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P l v l _ P t.'h 

Ti. 


r, r. 


a.A 

V* /2 


Therefore, Ar t , = Rln^- = Rln— = -Rln-^ 

v » /*2 

Then ihe entropy change for the palh l/>2 is given by 


As,„= A'k, + Af„ = C,ln - Rln ^ 

'I n 


Kxamplc 5.67 

If an ideal gas is changed from (/ > | ,v | , 7",) lo (P,,v 2 .T 2 ) is it possible to obtain 
a relation to estimate the entropy change without devising a reversible path? If 
so, derive the relation. 

Solution : 

We know that the entropy change is given by ds = (dq/T) K . 


r dq _ r du + Pdv _'r du r Pdv 

-J r -J r =J r + J — 
Jc^TjRd, h + Rln t A 

\ T \ v T, v, 

We also know that h = u + Pi’ 
or dh = du + Pdv + vdP 
or du + Pdv = dh- vdP 

Substituting Eqn (O in Eqn. (A), we get 


M) 


(B) 


(C) 



du * Pdv 

T 


dh-vdP 

T 





Example 5.68 

Calculate the entropy change if one mole of an ideal gas with y = 1 .4 is 
changed from I bar and 300 K to 10 bar and 500 K. 
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Wc know lhal (he entropy change of an ideal gas is given by 



_ 8.314x1,4 
1.4-1 


In — -8.3l4ln— = -4.2792 J/molK 
300 I 


Example 5.69 

Suppose one mole of an ideal gas (with y = 1.4) at I bar and 300 K is 
compressed reversibly and adiabatically to 1 0 bar. calculate the final temperature 
and the change in entropy. 

Solution : 

If an ideal gas undergoes a reversible, adiabatic compression 

| = (|) Tor7 ' 2 = 7 ;(^)’ =300(10)^= 579.21 K 

Then As = C P ln— -Bin — = ^ In— -filn^- 

7| P, Y-l 71 P, 

= 8.314x1.4 ^57021 _ &3|4|n 9 1437 |9[437 = 0 

1.4-1 300 


Example 5.70 

If an ideal gas undergoes a reversible adiabatic process and changes from 
P r T, to P 2 . T 2 show that the change in entropy is equal to zero. 

Solution : 

If an ideal gas undergoes a reversible adiabatic process, then 




or ln ZL = Izi, n £ „ .JL, „£=,„£ 
71 UJ T, y f>, y-l 7J P, 

The entropy change of an ideal gas is given by 


(A) 


As = Cplni-Rln^ = -^ln£-«ln^- (B) 

T l p \ Y -1 7| P, 
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Substituting Eqn. (A) in Eqn. (fl). we gel At = 0. 


Example 5.71 

Develop a relation lo determine the entropy change associated with the mixing 
of non-identical gases at the same temperature and pressure. 

Soluiiim : 

Consider a rigid and insulated tank which is divided into two compartments. 
One compartment holds n, moles of an ideal gas A at T and P while the second 
compartment holds n B moles of a different ideal gas B at the same T and P as 
shown in Fig.E 5.7 1 . If the partition between the two compartments is removed, 
the gases would mix. To calculate the entropy change associated with the mixing 
process let us devise the following method. Let the gases A and B expand reversibly 
and isothcrmally lo the pressures p A and p B , respectively where p A and p n denote 
the partial pressures of the gases A and B. respectively in the final mixture. Then 
the gas A enters the mixing chamber through a semipermeable membrane which 
allows the free passage of gas A only, while the mixing chamber contains a mixture 
of gases A and B such that the partial pressures of the gases in the mixture are p A 
and p R . The flow of the gases through the semipermeable membranes with 
infinitesimal difference in partial pressures is a reversible process and there is no 
change in the entropy of the gas. The entropy change of n A moles of gas A is 
given by 



Fig.E 5.71, Schematic arrangement for mixing of non-idcntical ideal gases. 
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Similarly. AS s = -n B ft In lp B /P) 

Then, ihe lolal change in emropy. AS is given by 

AS= AS, + ASg = -/r,,«ln^--/igRin^- (A) 

Where p A and p B arc parlial pressures of gases A and B. respectively in the 
final mixture. We know that 


P/i 


("X+"*) 


*— = px a ; Pb =px b 


<P) 


Where X A and X B denote the mole fraction of gases A and B. respectively in 
the final mixture. 

Substituting for p A and p B from Eqn.(B) in Eqn.(A) we get 
AS = -n A R InX, - n g R lnX g 


or Ar = 


AS 

ln A + n B ) 


-RXgln X A - RX B ln X„ = -ft IX, In X, 


Where As is the entropy change due to mixing per mole of the mixture. 


Example 5.72 

An insulated container has 21 moles of oxygen at 300 K and I bar. A second 
insulated container has 79 moles of nitrogen at the same temperature and pressure. 
These two containers are connected through a valve. If the valve is opened, the 
gases mix thoroughly. Estimate the entropy change associated with this process. 

Solution : 

The final mixture's temperature will be 300 K and the final pressure will be 
I bar. Since the gases are mixed at the same temperature and pressure, the entropy 
change due to mixing. At is given by 

Ar= -ft(X, In X, + X, In X 2 ) 

= -8.314 (0.21 In 0.21 + 0.79 In 0.79) 

= 4.273 J/mol K 

Where X, = 0.21 = mole fraction of oxygen in the mixture 

X 2 = 0.79= mole fraction of nitrogen in the mixture. 

Therefore. AS = (n, + n,) As = 427.3 J/K 
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Example 5.73 

The atomic mass of naturally available chlorine is 35.5 x 10~ 3 kg/mol and is 
a mixture of the isotopes ’’Cl; and ’’Cl;. Calculate the entropy of one mole of 
natural chlorine at I bar and 300 K with respect to its isotopes at the same 
temperature and pressure. 

Solution : 

Let X, = mole fraction of ”C1, in natural chlorine. Then 

35.5 x 10-' = 35 x 10-’ X, + 37 x lO-’fl-X,) 
or X, = 0.75 

The entropy of the mixture with respect to the entropy of its isotopes at the 
same T and P is equal to the entropy of mixing. Hence 
r = Ar = -R E X, In X, 

= -8.314 (0.75 In 0.75 + 0.25 In 0.25) 

= 4.675 J/mol K 


Example 5.74 

A rigid insulated tank of volume 3 m 3 is divided into two compartments by a 
removable partition. One compartment of volume 1 m 3 contains oxygen at 500 K 
and 10 bar while the second compartment of volume 2 m 3 is filled with nitrogen 
at 800 K and 20 bar. The partition is removed and the gases arc allowed to mix. 
Assuming that both oxygen and nitrogen behave like ideal gases with y =1.4 
determine the final temperature, pressure and the change in entropy. 

Solution : 

We know that the equation of state for an ideal gas is given by 
PV= nRT or n = PV/RT 


"o,” 


IQxIO’xl 

8.314x500 


240,558 mol 


"n.= 


20x IQ 3 x2 
8.314x800 


601.395 mol 


Consider the contents (both oxygen and nitrogen) as the system. Since the 
system is held in a rigid and insulated tank Q = 0 and W = 0. Therefore 


A£/ = 0 = n o ,C Voj (r-500)+ nN! C l><i (7--800) 04) 

For an ideal gas. 


R R 114 

C = = -— -— = 20.785 J/mol K 

y-1 1.4-1 
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= C,^ = 20.785 J/mol K: Q. = C,^ = 29.099 J/mol K 
Substituting the values in Eqn.(A). we get 
240.558 x 20.785 (7-5001 + 601 .395 x 20.785 (7- 800) = 0 
7= 714.3 K 


V 


3 


Oxygon 

Nitrogen 


240.558 mot 

601.395 mol 


500 K. 10 bar 

800 K. 2p bar 



Mature of 0 2 and Nj 
Xqz = 0.2857 ; =0.7143 

P= 16.67 bar: 7=714.3 K 


Semipermeable 

membrane 


Fig.E 5.74. An imaginary convenient palh lo estimate the entropy change. 


To calculate the entropy change let us devise a convenient path as shown in 
Fig.E 5.74. In the final mixture, we have 


x o.= 


240.558 

240.558 + 601.395 


0.2857: 


X N , = 0.7143 



Where subscripts I and 2 refer to the initial and final conditions, respectively 
of the species O r 
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AS. = 240.558 29.0991n^^-8.314ln-^ 1 = 1474.813 J/K 
1 i 500 10 J 

AS ; = 601. 395^29.099ln ^^-8. JI4ln-!^j= -1072.294 J/K 

AS, = entropy change for mixing of non-identical gases at the same 
temperature and pressure. 

AS,= K : +%)[-*( V n *o. + *N,' nX N,)] 

= - (240.558 + 601.395) 8.314 (0.2857 In 0.2857 + 0.7143 In 0.7143) 

= 4187.794 J/K 
A S= AS, + A S 2 + A S, 

= 1474.813 - 1072.294 + 4187.794 
= 4.590.3 kJ/K 


Example 5.75 

While tabulating the thermodynamic properties of water in steam tables, the 
selected reference state is the triple point of water (r = 0.01°C, P = 0.6llkPa) 
where the entropy of saturated liquid has been assigned a zero value. The enthalpy 
of vaporization of water at its triple point is 2501 .6 kj/kg and the molar specific 
heal at constant pressure for water vapor is given by 

C f = 28.850+ 12.055 x 10'^T-f l0? 

Where C,. is in J/mol KandTisin Kelvin. Assuming that water vapor behaves 
like an ideal gas estimate the entropy of dry saturated steam at 1 00°C and compare 
it with the value given is the steam tables. 

Solution : 

To calculate the entropy change let us choose the convenient path shown in 
Fig.E 5.75. Saturated liquid water at the triple point has the entropy s 0 = 0. In the 
first step, the phase transition takes place at constant T and P. The entropy change 
for the phase transition is given by 


In the second step, the water vapor (assumed to be an ideal gas) changes 
from 273. 1 6 K and 0.611 kPa to373.l5Kandl0l.33 kPa and the entropy change 
for this process is given by 
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a * 2 = 




a 

r> 


= 28.850ln 


373.15 

273.16 


12.055x10-’ (373.15 - 273.16) 


1.006x10* ( I I 

2 1 373. 1 5 2 273.16 2 


-8.3l41n 


101.33 

0.611 


= - 31.976 J/mol K = -1 .7764 kJ/kg K 

Then 

s = s 0 + As , + As. = 0 + 9. 1 58 - 1 .7764 = 7.38 1 6 kJ/kg K 
Therefore, the entropy of dry saturated steam at 100°C = 7.3816 kJ/kg K 
The value repotted in the steam tables = 7.3554 kJ / kg K 



Fig.E 5.75. Sketch for Example 5.75. 


Example 5.76 

Calculate the entropy change if one kg supercooled liquid water at -I0°C 
and I bar is converted into ice at -10°C and I bar. The specific heats at constant 
pressure for water and the ice are 4.2 kJ/kg K and 2. 1 kJ/kg K, respectively and 
the latent heat of fusion of water at 0°C is 333.43 kJ/kg 

Solution : 

To calculate the entropy change let us devise the convenient path shown in 
Fig.E 5.76 which indicates the following three steps: 

1 . Heating of water at constant pressure from -I0°C to 0°C (As,) 

2. Freezing of water at 0°C (As 2 ) 

3. Cooling of ice from 0"C to -10°C(Ajj) 

As, = C^ln— = 4.21n^^^ =0. 1566 kJ/kg K 
7j 263. 1 5 
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r =-'2 207 u / k g K 

A,,= lllnpm = -0.0783kJ/kgK 
Ar = Ar,+ As, + As } = 0. 1 566 - I .2207 - 0.0783 
= - 1.1424 kj/kg K 


Water 


Water 


ICO 


Ico 

— 10*C 

At, 

o-c 

A., 

0-C 

*3 

— 10*c 


FigE. 5.76. Sketch for Example 5.76. 


Example 5.77 

Stale the principle of entropy increase and explain it with the help of an 
example. 

Solution : 

The principle of entropy increase states that the entropy of an isolated system 
either increases or. in the limit, remains constant. That is. A s £ 0 for an isolated 
system. The equality sign holds good when the process undergone by an isolated 
system is reversible and the inequality sign holds good if there is any irreversibility 
in the process. 

Consider an isolated system, consisting of a system and its surroundings as 
shown in Fig.E 5.77. 

Let tlQ = energy transferred as heat from system to surroundings 
T iyt = Temperature of the system. 

= Temperature of surroundings 

If T > T m . the energy transfer as heat from system to surroundings occurs 
irreversibly. Then the entropy changes of system and surroundings arc given by 

AV = -dQST 

%yt x iyi 

^ = ' / 0 /r .u. 

A S (isolated system or universe) = A 5 >yl + AS ljr 
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That is A5 >0. if the isolated system undergoes an irreversible process. If 
T = then the process is reversible and we get AS (isolated system or universe) 

= 0. Therefore, we can generalize the statement as 


iiS 2 0 for an isolated system. 








System 


Surroundings 


T 

w 

<*0 

T 

as 


Isolated 

system 



Fig.E 5.77. Sketch for Example 5.77. 


Example 5.78 

Apply the Clausius inequality foe a system which undergoes an irreversible 
cyclic change and show that the entropy change of the system is given by dS > 
dQ/T. 

Solution : 

Let a system change from state I to state 2 by a reversible process A and 
return to the original state through an irreversible process B as shown in 
Fig.E 5.78. Then I A2B 1 constitutes an irreversible cycle. Apply the Clausius 
inequality to this cycle to obtain 


if- 


We know that IA2 is a reversible process and for a reversible process 
jldQ/T)" =dS. Hence, the above equation can be rewritten as 

dQ . 


S2-S,+ J-^<0 
2*1 

Y or ds> f 
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Thai is, ihe entropy change of a system undergoing an irreversible process is 
given by dS>dQfT where dg is the heat interaction during the irreversible process. 
Now. one can generalize and state that 



1 


V 

Fig.E 5.78. An irreversible cycle on a P-v diagram. 


dS>dQ/T 

Where the equality sign is true only when the system undergoes a reversible 
process. 

Example 5.79 

One kg superheated steam at I bar and 300"C contained in a piston- cylinder 
assembly is kept at ambient conditions of 27°C and the steam is allowed to 
condense to saturated liquid at 1 bar due to radiation to the surroundings. Calculate 
Ihe change in the entropy of steam, the surroundings and the universe. 

Solution : 

For steam at I bar and 300°C; 

A, = 3074.5 kJ/kg; j = 8.2166 kJ/kg K 
Final state of steam is saturated liquid at I bar. 

Aj = 4 1 7.54 kJ/kg; r, = 1 .3027 kJ/kg K 
The pressure of the steam is held constant and hence the steam has undergone 
a constant pressure process. For a constant pressure process, the heat interaction 
is equal to the change in the enthalpy of the system. Hence 
,= Aj- h, =417.54 -3074.5 
= - 2656.% kJ 
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The change in the entropy of steam (Ar) is given by 
Ar iWam = s 2 - j, = 1 .3027 - 8.2 166 = - 6.9 1 39 kJ/K 
The surroundings are at 300 K.The change in the entrop> of the surroundings 
is given by 

i q' -MSMU/K • 

A.s u „,„„ = AS. + AS*, = -6.9139 + 8.8563 

= 1.9424 kJ/K 


Example 5.80 

Sketch the temperature- entropy diagram, for a fluid, showing the essential 
features. 

Solution : 

While analyzing the processes from the second law of thermodynamics point 
of view, it is frequently helpful to use the temperature-entropy diagram on which 
one can locate the initial and final states of the system and follow the process. 
The mam features of the T-s diagram are shown in Fig.E 5.80. The constant 
quality lines, constant pressure lines and constant enthalpy lines are shown in 
Fig.E 5.80. We know that «'S = ldQ/Tl g . Therefore, if a system undergoes a 
reversible process dQ = TdS. That is. the heat interaction during a reversible 
process is equal to the area under the process curse on a T~s diagram. 



FigE. 5.80. Schematic of tcmpcralure-eniropy diagram. 


Example 5.81 

Combine the two laws of thermodynamics and show that 
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dU = TdS - PdV 

Is the above relation true for all processes? 

Solution : 

The first law of thermodynamics gives 

dU = dQ - dW (A) 

Consider a system which undergoes a reversible process. 

Then dW= PdV. 

The second law of thermodynamics gives dS = ldQTT) R or for a reversible 
process dQ = TdS. Substitute for dW and dQ in Eqn. (A) to get 

dU -TdS -PdV (B) 

While deriving the Eqn. (8) we have assumed that the system is undergoing 
a reversible process. Hence Eqn. (8) is valid for reversible processes. Having 
stated this let us closely look at the Eqn (8). It expresses the change in the property 
(dll) in terms of the changes in other properties entropy and volume. Since U is 
a property its differential is exact and the change in the value of the property does 
not depend on the path followed by the system. The change AU remains to be the 
same, irrespective of whether the path is reversible or irreversible, as long as the 
initial and final states of the system are fixed. Hence Eqn. IB) is true for all 

processes. However, in the case of irreversible processes J TdS does not represent 
the heat interaction and f PdV does not represent the work done. 


Example 5.82 

Sketch a Carnot cycle on a T-s diagram and obtain a relation to calculate the 
thermal efficiency of a Camot heat engine. 

Solution : 

A schematic of the Camot cycle on temperature - entropy diagram is shown 
in Fig.E 5.82. The isothermal expansion a-b occurs at temperature T,. The heat 

interaction along the path a-b is given by Q,= j T,dS. That is Q, is the area 

under the curve a-b. Similarly the isothermal compression process is shown as 
c-d in Fig.E 5.82. We know that dS = IdQTTlK For a reversible -adiabatic 
process./.? = 0. since dQ = 0. That is a reversible -adiabatic process is an iscntropic 
process. The iscntropic processes are shown as b-t and d-a in Fig.E 5.82. Then 

IQI - - $,) :|t? 2 | = T 2 (S c - S iI ) = T 2 IS i . - S„) 
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Note 


n- la-ftl 

a 


T,iS,,-S„)-TAS h -Sj T,-T 2 
7i<.V,, -5„) 7; 


r. 


r, 


The two laws of ihentuulynamics comhinetl together gives 
ilU = TIS - PilV 

Therefore . for a cyclic process the ahove equation gives 

/ till = 0 = fTtlS - fPdV or / TdS =/PdV 



Fig.E 5.K2. Carnoi cycle on a temperature-entropy diagram. 

Example 5.83 

Almospheric air is a mixture of 21 moles of oxygen for every 79 moles of 
nitrogen. It is desired to separate 100 moles of air at 300 K and I bar into its pure 
components at 300 K and I bar. Calculate the minimum amount of work to be 
done for this purpose. Treat O, and N, as ideal gases. 

Solution : 

We know that dU = TdS - PdV 

The initial and final states of O. and N, are at the same temperature and O, 
and N, behave like ideal gases. Hence A U = 0. Therefore, we have 
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TdS = PdV or TAS = J PdV = tV 

We also know lhal the entropy change due to mixing is given by 
= Wc - 

Where X, is the mole fraction of component r. 

The separation of a mixture into its pure components is the reverse of mixing. 
Hence As for separation is 

= * IXInX, 

Then work done. W=T As - RTZ X.InX, per mole 
or W = nRTtX)nX' 

= 100x8.314x300(0.21 In 0.21 +0.79 In 0.79) 
= -128.191 kJ 

Hence work to be done = 128.191 kJ 


Example 5.84 

Two identical blocks of massrn are available at temperatures f\ and T r They 
can be used as source and sink to operate a heat engine. Determine the maximum 
amount of work that can be obtained, if the specific heats of the blocks are C. 

Solution : 

The maximum work can be obtained by using a reversible heat engine. 
Considering the combination of the source and sink as the universe, we have 
AS m = iS^ + AS ilnl = 0 (for reversible process) 

The heat engine absorbs energy as heat from the source at T, and rejects 
energy as heat to the sink at T r Since the source and sink are finite bodies, their 
temperatures keep changing when (he heat engine works. The engine continues 
to deliver work as long as there is a difference in temperature between the source 
and sink. Let 7 be the final temperature of the source and sink. Then 



mCdT 

7 

mCJT 

7 


= mC In 

= mCTn — 

h 


AS m = 


T T T 2 

mC In— + niCIn— = mCln— — = 0 
7, T 2 T,T 2 



SECOND LAW OF THERMODYNAMICS AND ITS APPLICATIONS 


309 


or T= 

Theworkdone, W = mC (7, - D - mC(T- T,) = mC ( 7, -f r ; - 2D 

= mC(T, +7j- 2^ ) = (mC^ - ) 2 

Example 5.85 

Apply ihc second law of thermodynamics for a control volume and deduce a 
relation which can be used for the second law analysis of flow processes. 



surface 

Fig.E 5.85. Schematic of a control-volume. 

Solution : 

Consider the control volume shown in Fig.E 5.85. through which mass enters 
at the rate m, at Ihc inlet i and mass leaves the exit e at the rate m c 

Let s. S' = specific entropy of matter at the inlet and exit of the control 
volume, respectively 

Q = rate of energy flow as heat into the control volume 
mil) = mass inside the control volume at lime t 
m it + dt ) = mass inside the control volume at time it + dl) 

s it) = specific entropy of matter at time t in the control volume 
j (r + dt) = specific entropy of matter at time (t + dt) in the control volume 
S (/) = entropy of matter in the control volume at time r 
Sit* dt) = entropy of matter in the control volume at time (/ + dl) 

We arc familiar with the application of the second law of thermodynamics to a 
system and observed that whenever a system undergoes a change of state the 
entropy change of the system is given by 
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<* (A) 

In order lo apply ihe above form of ihe second law of thermodynamics, we 
have to identify a system such that its mass remains constant all the lime. 

Therefore, let us choose Ihe system at lime r as the mass inside the control 
volume and the mass inside Ihe region marked as A in Fig.E 5.85, which is about 
to enter Ihe control volume in a differential time ill. During the differential time 
ill. the mass in the region A enters the control volume and some mass leaves the 
control volume and occupies the region marked as H in Fig.E 5.85. That is, the 
system configuration changes and the system at time (/ + ill) constitutes the 
mass in the control volume at time ( i+di ) and the mass in region II During the 

differential time ill. the energy flow as heat into the system is Qdl through the 
surface at temperature T. Denoting the initial and final states of the system by the 
subscripts I and 2, respectively we have 

i'l = m (r) i(r) + m l sill = S(i) + in r s r di 
S 2 = m (/ + dr) j (/ + ill) + thS'.ilt 
= S(t + ill) + m,sdt 

Substituting for .V, and S, in Eqn. (4). we get 
| Sir + ill) + m r sdt ] - [Sr + m, s, di]>-0 dr/7' 


or 


S(l + dl)-S)l) 0 

+ mi - nu £ — 

ill " T 


ilS 

or — + m r s, 
ill 

dS 

or - + 
dS 


i,.i, & — 

T 


= y+S c 


Id) 


(O 


where S (1 is the rate of entropy generation which cannot assume a negative 

value. S, ; = 0 if the process is reversible and i', ; > 0 if there is any irreversibility 
in the process. 

Eqn. (C) which is commonly known as the entropy balance equation, can be 
stated in words, as 

(Rale of accumulation of entropy) = (Rate of inflow of entropy) - (Rate of 
outflow of entropy) + (Rate of generation of entropy) 
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Example 5.86 

Reduce the entropy balance equal ion for a steady-slate. steady flow situalion. 
Solution : 

The entropy balance equation is given by 


dS 0 .. 

— + Mi,.i, - mfy = — + 5 U 


For steady-slate, steady flow, m, - in, .- m and there is no accumulation of 
entropy in the control volume. That is dSIdl = 0. 

Then the above equation reduces to 

“<*»-*>= y + Sb or in(s,-*,)S^- 

If the process is adiabatic, then Q = 0 and we get 
s r 2 j, 

However, if the process is reversible! S G = 0) and adiabatic then s, = s- 


Example 5.87 

Superheated steam at 30 bar and 400°C enters a reversible and adiabatic 
turbine at a rate of I kg/s and leaves at 0 J bar. Neglecting the KE and PE terms, 
determine the power output of the turbine. 

Solution : 

Choose the turbine as the control volume. Application of the first law of 
thermodynamics to the control-volume gives 

-W,!m 

Application of the second law of thermodynamics to the control volume gives 
s i 

From steam tables, at 30 bar and 400°C, we get 

A, = 3132.5 kJ/kg ; s, = 6.9246 kJ/kg K 

For steam at 0.3 bar. we get 

h = 289.30 kJ/kg ; s, = 0.944 1 kJ/kg K 
h t = 2625.4 kJ/kg ; s f = 7.7695 kJ/kg K 

The value of s, = s. = 6.9246 kJ/kg K lies in between the values of s f and s_ at 
0.3 bar. Hence it is wet steam of quality X r 
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= X l S f * (1 -XJS f 

or 6.9246 = 7.7695 X, + ( I - X,) 0.944 1 
or X, = 0.8762 

h , = x , h t + 0 - *>/= 0 8762 x 2625 - 4 

+ (l -0.8762) 289.30 
» 2336.19 kJ/kg 

Therefore. -WJm = -W, = (2336.19 - 3232.5)10' = - 896.31 kW 
Power oul pul of ihe turbine = 896.31 kW 

Example 5.88 

Rework Example 5.87 using a Mollier diagram. 

Solution : 

For a reversible and adiabatic turbine, we know that 
-H* / m = h' -h j and s r = s 

Locate the state i at the intersection of P = 30 bar and / = 400°C as shown in 
Fig.E. 5.88. Then read A, = 3232.5 kJ/kg and i= 6.9246 kJ/kg K. Since s, = .r,. 
draw a vertical line (constant entropy) from state i and find the intersection point 
r, with P = 0.3 bar line as shown in Ftg.E 5.88. Then read h r = 2336. 1 9 kJ/kg. 



Fig.E 5.88. Sketch for Example 5.88. 


Therefore -W t = (2336.19 - 3232.5)10' = -896.31 kW 
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or IV, = 896.31 kW. 

Example 5.89 

Calculate the rate of entropy generation and the power output if the steam 
leaves the turbine of Example 5.87 as dry saturated steam at 0.3 bar. 

Solution : 

We have A, = 3232.5 kj/fcg and i, = 6.9246 U/kg K 
(sec Example 5.87) 

Hrom steam tables, we find at 0.3 bar 

A. = 2625.4 U/kg = A, ; s f = 7.7695 U/kg K = i, 

We know that -IV, / m =h r - A, 
or -iv, = (2625.4 - 3232.5) 10’ = - 607. 1 U/s 

or -W, = Power output of turbine = 607. 1 kW 
We also know that 

m ls r - S') = Q IT + S G 

or S' - 3, = S c or S c = 7.7695 - 6.9246 = 0.8449 kJ/K s. 

Example 5.90 

Define the isentropic efficiency of a turbine. 

Solution : 

The performance of a practical turbine is usually expressed in terms of 
isentropic efficiency, in which the performance of the actual turbine is compared 
with that of an ideal or a reversible- adiabatic tuibinc for the same inlet conditions 
and for the same exit prcssurc.The isentropic efficiency of a turbine »i r is defined 
as 


Power output of the actual turbine per unit mass of fluid 
"' r Power output of the turbine per unit mass, if it were isentropic 


(VV, / ri; )of actual tuibinc _ h l -lt r 
(W,lm )of isentropic tuibinc A, - A,, 


where A, = specific enthalpy of the inlet fluid 
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h r = specific enthalpy of the exit fluid in an actual turbine 
A = specific enthalpy of the exit fluid, when s, = s t 
A schematic of the Mollier diagram showing the states i..e and es is shown in 
Fig.E 5.90. • 



FigE. 5.90 Schematic of a Mollier diagram. P t and P r denote the inlet and outlet 
pressures of steam, i-e is the actual irreversible path followed by steam in the actual 
turbine, i-rs is the path, the steam would have followed had the turbine been isentropic 
discharging steam of the same pressure as that of the actual turbine. 


Example 5.91 

Superheated steam at 30 bar and 300°C enters a turbine and leaves as wet 
steam of quality 0.9 at I bar pressure. Calculate the isentropic efficiency of the 
turbine. 

Solution : 

From steam tables we read the following data : 

Steam at 30 bar and 300°C : A, = 2995.1 kJ/kg 
l, = 6.5422 kJ/kg K 

Steam at I bar pressure: 

A, = 4 1 7.54 kJ/kg ; A, = 2675.4 kJ/kg 
i,= 1. 3027 U/kgK; i, = 7.3598 kJfltgK 
A, = XA^ + fl- X r ) hj= 0.9 x 2675.4 + 0. 1 x 4 1 7.54 
= 2449.61 kJ/kg 

For an isentropic turbine s tt = s ( — 6.5422 kJ/kg K 
r„= X„s,4-(l - X„lr ( 
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or 6.5422 = 7.3598 X„ + ( I -X„) 1 .3027 
or X„ = 0.865 

- 0.865 x 2675,4 + (l -0.865)417.54 
= 2370.59 U/kg 

h cjL= 2995.1-2449.61 = 
n ' 2995.1-2370.59 

This problem can be conveniently solved by using a Mollicr diagram as shown 
in Fig.E 5.91. 



Fig. E 5.91.. Sketch for Example 5.91. 


Example S.92 

Su|>crhealcd steam at 50 bar and aOCC enters a turbine and leaves at I bar. If 
the iscntropic efficiency of the turbine is 0.8. determine the work output of the 
turbine and the slate of the exit steam. 

Solution : 

Steam at 50 bar and 400“C; /i, = 3198.3 kJ/kg 
,i ( = 6.6508 U/kg K. 

Steam at Ibar: /■, = 417.54 U/kg ; 6, = 2675.4 kJ/kg 

x, = 1 .3027 U/kg K ; x ( = 7.3598 U/kg K 

If the turbine were isentropic J tl = J, = 6.6508 U/kg K 
x„= X„s jt + (l -X„)x, 
or 6.6508 = 7.3598X,, + ( I - X„) I .3027 
or X„ = 0.8829 
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h a = 0.8829 x 2675.4 + ( 1 - 0.8829) 4 1 7.54 
= 2411 kJ/kg 


Hr 


A-K 

*-A. 


or 0.8 


3198.3-/1 
3198.3-241 1 


or h r = 2568.46 U/kg 

Work output of the turbine = A, - h r = 3198.3 - 2568.46 
= 629.84 U/kg 
h'=XJt' + {\ -X r )h, 
or 2568.46 = 2675.4 X, + ( I - X r ) 4 1 7.54 
or X' = 0.9526 

The exit steam has a quality of 0.9526 at I bar pressure. 


Example 5.93 

Superheated steam at 2 bar and 1 50°C enters a reversible and adiabatic nozzle 
with negligible velocity and leaves at I bar pressure. Calculate the exit velocity 
of the steam. Use Mollier diagram to solve the problem. 

Solution : 

We know that for a reversible and adiabatic process s, = s t .A schematic of 
the Mollier diagram is shown in Fig.E 5.93. Locate the inlet state I of steam at 2 
bar and I50"C. Then follow the vertical line (constant entropy) till it intersects 
with I bar line and locate state e . Then read ft. - 2760 kJ/kg and li f = 2640 U/kg 
as shown in Fig.E 5.93. 



Fig.E 5.93. Sketch for Example 5.93. 
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Application of the first law of thermodynamics to the nozzle gives 
V,= -JXh, -\) = V* 2760 - 2640)10' = 489.9m/s 
The steam leaves the nozzle as wet steam of quality 0.987 

Example 5.94 

Define the isentropic efficiency of a nozzle. 

Solution : 

The isentropic efficiency of a nozzle is defined as the ratio of the actual 
specific kinetic energy of the gas leaving the nozzle \/!2. to the kinetic energy at 
the nozzle exit that would exist if the nozzle were isentropic and the expansion of 
the gas occurs to the same exit pressure. That is 

_ y ' 12 
n " = V;,/2 

Where is the velocity of the gas leaving an isentropic nozzle. 

Example 5.95 

Superheated steam at 2 bar and I50°C enters an adiabatic nozzle with 
negligible velocity and leaves at I bar pressure. Calculate the exit velocity of the 
steam if the isentropic efficiency of the nozzle is 0.85. 

Solution : 

If the nozzle were isentropic. the exit velocity of the steam is 489.9 m/s (see 
Example 5.93) 


or V t = 45 1 .67 m/s 

Example 5.96 

Define the isentropic efficiency of a compressor. 

Solution : 

The isentropic efficiency of a compressor is defined as the ratio of the power 
required per unit mass of the fluid by an isentropic compressor for the same inlet 
conditions of the fluid and for the same exit pressure of the fluid as in an actual 
compressor to the power required per unit mass of the fluid by the actual 
compressor. That is the isentropic efficiency q , of a compressor is given by 


V/2 V‘ 

n„= — x — or 0.85 = c — r 

V,//2 (489.9) J 
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_ power required per unit mass of th e fluid by an isentropic compressor 
power required per unit mass of the fluid by an actual compressor 


(-H* / in )for an isentropic compressor _ h r% - h, 
/ m )for actual compressor h, - 



Fig.E 5.%. Schematic of Mollier diagram. The actual irreversible compression in an 
actual compressor is denoted by i*f. whereas i-es denotes the compression process if 
the compressor is isentropic. 


A schematic of Mollier diagram is shown in Fig.E 5.96. Suppose a fluid al 
pressure P, enters an actual compressor at stale r and leaves at pressure P, The 
entropy of the exit fluid s > >v | . If the compressor is irreversible, then s r > s r 
The compression process in the actual compressor is represented by i-e in 
Fig.F. 5.96. If the compressor is reversible and adiabatic and receives the fluid at 
the same inlet conditions represented by state i, and the fluid leaves at the same 
pressure P v then s n = s, where « represents the state of the exit fluid in an 
isentropic compressor. The isentropic compression process is represented as i-es 
in Fig.E 5.96. 


Example 5.97 

An adiabatic compressor with an isentropic efficiently of 0.8 is used to 
compress air (ideal gas with y = 1.4) from I bar and 500 K to 6 bar pressure. 
Determine the exit temperature of the air and the power consumption, per mole 
of air. of the compressor. 
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Solution : 

We know that for reversible, adiabatic compression of an ideal gas 



or T„* 300^ jj W =500.55 K 

Application of the first law of thermodynamics to an adiabatic compressor 
(control volume) gives 


= h, - = Cp<r„ - 7-) = ~(T C , - T,) 


-(500.55 - 300) = 5.8358 kJ / s 




for actual compressor = h r -h,=l. 2948 kW 

(/L-fc)=7.2948xlO , = -^-(r-7')= 8 ' 3l4Xl ' 4 (r-300) 
y-l 1.4-1 

or 7; = 550.69 K 

Therefore, exit temperature of air = 550.69 K 



Example 5.98 

Air at I bar and 25°C enters an adiabatic compressor and leaves at 1 0 bar and 
350°C. Calculate the isenlropic efficiency of the compressor. Treat air as an ideal 
gas with y = 1 .4. 

Solution : 

We know that the isentropic efficiency of a compressor t), is given by 


We also know that for an ideal gash- C p T. 
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Therefore. 


, cat„-t.) t„-t, 

' Cf{T e -Tj) T,-T, 


For iscnlropic compression of ihe ideal gas T rs is given by 



04 

or T„ = 298(10) 14 = 575.35 K 


Therefore, 


= 575.35 - 298 = 08534 

’’ ATT. TIM) 


Example 5.99 

Define the isenlropic efficiency of a pump. 

Solution : 

The isenlropic efficiency of a pump T| is defined as ihe ratio of Ihe power 
required per unit mass of the fluid by an isenlropic pump, (which receives the 
fluid at the same inlet conditions as that of an actual pump and delivers the fluid 
at the same exit pressure as that of an actual pump) to the power required per unit 
mass of the fluid by the actual pump. That is 

(— / m ) of isentropic pump _ h rf - h : 

'V (-W, / m ) of actual pump K - h, 

Where h t = specific enthalpy of fluid at the inlet pressure 

h r = specific enthalpy of fluid at the exit of the actual pump at 
pressure P € 

= specific enthalpy of fluid at the exit of the isentropic pump at 
pressure P w 


Example 5.100 

In a steam power plant, saturated liquid water at 30°C enters a pump with an 
iscnlropic efficiency of 0.75 and leaves at 30 bar pressure. Calculate the power 
consumed by the pump per kg of liquid water. 

Solution : 

From steam tables we read the following data at 30°C. 

v , =0.001 004 3 m'/kg ; P = 00424! bar 

Assume the liquid to be incompressible. Then for an isentropic pump, we 
have 
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-WJm, = j vtlP = \\P-P) 


= 0.001 004 3(30 - 0.042 41)10' 

= 3.0086 kW 

(-W'/m)foriscnlropicpump „ 

n — = '3 

r ( -O' lm ) for actual pump 

Therefore, power consumption of the actual pump per kg of liquid = 3.0086/ 
0,75 = 4.01 1 5 kW 

Example 5.101 

Air is steadily (lowing through an insulated pipe and the flow direction is not 
known. An engineer measures the pressure and temperature of the air at two 
different stations A and B which are separated by sufficient distance and records 
the data as given below: 



Station A 

Station B 

Pressure 

1.3 bar 

1.0 bar 

Temperature 

50°C 

I3°C 


Determine the flow direction of air. treating it as an ideal gas with y = 1,4. 

Solution : 

We know that the second law of thermodynamics for a steady flow process 
gives 

S' j s l or S' - s t 2 0 

That is. the entropy of the exit fluid has to be greater than or equal to that of 
the inlet fluid. Thus, the second law of thermodynamics dictates the direction of 
a process as given below. 

If S' - s t > 0 Process is feasible in the forward direction and the process is 
irreversible 

S'-s, = 0 Process is feasible and reversible. 

S' - s, < 0 Process is not feasible in the forward direction but it is spontaneous 
in the reverse direction. 

This criterion can be used to determine the flow direction. 
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Let us suppose that air flows from station A (i) to station B{e) 


Then 


•A ‘A 

= _5L| n i_*| n 5l 

Y-l T a P a 


8.314x1.4 

1.4-1 


= -1.3589 U mol K 


Since s r - j, < 0. our assumption that air flows from station A to Station B is 
incorrect. Therefore, air flows from station B to station A. 


Example 5.102 

An inventor claims to have designed a flow device which gives equal amounts 
of cold air at 250 K and hot air at 350 K at I bar pressure when the device is fed 
with air at 30 bar and 300 K. He further claims that the device does not require 
any energy input to operate it. Treat air as an ideal gas with y = 1 .4 and judge 
whether such a device is feasible or not. 

Solution : 

A schematic of the flow device is shown in Fig.E 5.102. The device is not 
receiving any energy either as heat or work and hence it is isolated. Any device 
cannot violate the laws of thermodynamics.Hence let us verify whether the device 
satisfies the laws of thermodynamics or not. Consider the device as the control 
volume and check whether the first law of thermodynamics (the principle of 
conservation of energy) is satisfied or not. 

m,C r 7; 7 m, ( C ( ,7',| + m, I C,r, 2 

If nr = I mol/s. then m rl = «t r3 = 0.5 mol/s 

Therefore C/300) ? 0.5 C r (250) + 0.5 0,(350) (A) 

The Eqn.(A) is satisfied. Hence the device satisfies the first law of 
thermodynamics. 

The second law of thermodynamics for the control volume gives 

' n .iS,i + m r i s ,i - *, s, 20 
or 0.5(1,, + 1 ,;)- r, 2 0 
or O.S(i, l -r,) + 0.5(r rt -j | )20 


(B) 
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The LHS of Eqn.(fi) gives 
0.s(c,ln^-*ln£±] 

= 0.5 

I.Y — 1 T- if J 

= 0.5 x 8.3 14 [H In- ’”*?'? - In — ] = 27.8677 J / mol K 
LO-4 too- JO 1 J 


Air 1 mol 
30 bar. 300 K 



1 
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Hot air, 0.5 mole 
350 K. I bai 


Control surface 


Fig.E. 5. 102. Schematic of the now device. 

Therefore the LHS of Eqn(8) is positive. Hence, the second law of 
thermodynamics is also satisfied. Therefore, the device is thoretically feasible. 

Example 5.103 

In a particular chemical plant air at 800°C and I bar leaves a unit at the rate 
of 10 mol/s whereas in another unit air is requited at 200°C and I bar at a rate of 
10 mol/s. An engineer plans of use the hot air as a source and the ambient 
atmosphere at 25°C as a sink to operate a heat engine and there by obtain some 
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work and then supply the air al 200°C for use in the other unit. Assuming air to be 
an ideal gas with Y= 1 .4 calculate the maximum power that can be delivered by 
the engine. 

Solution : 

The maximum power can be obtained by using a reversible engine . 

We know that for a reversible engine 

+ 0orAS uM = -A5 Wc 

Consider the air flowing in one second. 

" C ' ta f-* ta t = 7!Tln f 

10x8-314x1. 4 |n 473 
1.4-1 10273 

= - 238.355 J/K 

Therefore. = 238.355 J/K 

1^1= TAS,^ = 298 x 238.355 = 71.03 U/s 

|Q,|= nC^-T,) 


10x8.314x1.4 

1.4-1 


(1073-473) 


= 174.59 U/s 


Net power delivered = |fii|-|Cb| = l03.56.kW 


Example 5.104 

Define C r and C. in terms of entropy change. 
Solution : 

The specific heal of a substance is defined as 




The second law of thermodynamics gives 


ds = 



or dq = Tds 
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Therefore, one can define the specific heal of a substance as 


C, 

T 



Example 5.10$ 

In a process industry hot gases art delivered by different units .One unit 
delivers a gas A at 1 bar and 1000 K at a rate of Ikmol/s while a second unit 
delivers a gas 8 at I bar and 800 K at a rate of 2 kmol/s. These hot gases arc 
usually cooled to 300 K in heat exchangers. The ambient atmosphere is at 300 K. 
An engineer plans to use the hot gases as source and ambient atmosphere as sink 
to operate a heat engine and thus obtain some power. Calculate the maximum 
power that can be obtained if 

(a) gases A and 8 arc used as separate sources, and 

(b) gases A and 8 are mixed and the mixture is used as a source. 

Assume both the gases A and 8 are ideal with y = 1 .4 
Solution : 

(a) Maximum power can be obtained by employing a reversible engine. We 
know that for a reversible engine 

AS^= AS louItt + AS linl = 0 

The ambient atmosphere is at constant temperature. However, the source 
temperature continuously decreases till 300 K. while energy is extracted as heat. 
If the gases A and 8 are used as separate sources, then for the heat engine which 
uses gas A 

*V*U-o 

or nC f ln-^- + ^- =0 

r t T i 

or ^l n £ + £-=0 
Y-l T, T 2 

or 1000x1314x^4 jOO 

1.4 — 1 1000 300 

or (£ =10.5103x1 <fl/s 

Where ft is the energy rejected to the ambient atmosphere. 
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Energy absorbed from source (gas 4) = G| = flC,, (T, - 7" ; ) 


1000x8.314x1.4 

1.4-1 


(1000- 300) 


= 20.3693x lO^J/s 


Power delivered by the engine which uses gas A = Q, - Q, = (20.3693 - 
10.5103)10*= 9.859 MW 

Similarly for the engine which uses gas B . wc gel 
AS, + AS-, lol =0 

nC P ln^ + ^ = o 
'I '2 


2000 x8.314x1.4 300 Q, 

1.4-1 " 800 + 300 “ 

Qi = I7.1247xI0 6 J/s 

Energy absorbed from source (gas B) = Q,= nC (T, - 7 ; ) 


1.4-1 
= 29.099 x 10 6 J/s 


Power delivered by the engine which uses gas B = |0i|- G; = (29.099 - 
17.1247) x I0 6 = 11.9743 MW 

Therefore, the maximum power that can be obtained, when the gases 4 and B 
arc separately used as sources 

= 9.859 + 1 1 .9743 = 21 .8333 MW 

(/») If the gases A and B are mixed together, the equilibrium temperature (7) 
of the mixture is given by 

[nC^r, - r\ A - [nC/J- r,)l, 
or I000c,.(l000-D = 2000 c ) ,(r- 800 ) 
or r= 866.67 K 

If this mixture (3 kmol/s) at 866.67 K is used as a source to operate a reversible 
engine. 
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Aj + A* unk = 3000 Cpln- 


-A. 


or 

or 


3000 x 8.314x1.4 , 300 


1.4-1 


In— + =0 

866.67 300 


Q, = 27.7834 x 10 6 J/s 

Energy absorbed from source Q\ - nC r (866.67 - 300) 


1.4-1 


= 49.4686 X I0 6 J/s 

Therefore, maximum power delivered by the engine = Q 1 -Q 2 
= (49.4686 - 27.7834)10'’ 

= 21.6852 MW 
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Thermodynamic Potentials and Availability 


Example 6.1 

Whal does ihe principle of maximum entropy stale ? Explain it with the help 
of an example. 

Solution : 

The principle of maximum entropy states that in a state of stable equilibrium, 
the entropy of an isolated system is maximum for a given value of internal energy. 

Consider a rigid and insulated tank which is divided into two compartments 
by a partition as shown in Fig.E 6.1. The first compartment contains a hot fluid 
while the second compartment contains a cold fluid. If the partition is removed 
the fluids mix and attain a state of equilibrium. 


Rigid 

insulated tank 


Fig.E 6.1. Sketch for Example 6. 1 . 

Consider the fluid contained in both the compartments as the system. Since 
the tank is rigid and adiabatic, we have W= 0 and Q = 0. Application of the first 
law of thermodynamics gives A U = 0 or U, = V r 




THERMODYNAMIC POTENTIALS AND AVAILABILITY 


329 


That is, the final internal energy of the system is equal to the initial internal 
energy. In other words, the system occupies only that state for which the internal 
energy is equal to the initial value. There may be several states satisfying this 
condition. Which of the possible states satisfying the relation U, = II, is the 
actual final equilibrium state ? This can be answered by the application of the 
second law of thermodynamics. The second law of thermodynamics (the principle 
of entropy increase) tells that the entropy of an isolated system cither increases 
or remains constant. If there is any irreversibility in the process, the entropy of 
the system must increase. Since mixing of fluids at different states is an irreversible 
process, the entropy of the system increases. The system changes from one stale 
to another of higher entropy and finally settles in that state for which the entropy 
is maximum for the given value of internal energy. This state of maximum entropy 
is the stable equilibrium stale of the system. 


Example 6.2 

What can be inferred from the combined statement of the two laws of 
thermodynamics ? 

Solution : 

The first law of thermodynamics gives d U= dQ - dW. If a system undergoes 
a reversible process dW = PdV. The second law of thermodynamics gives 
dS = UlQIV/f Combining these two statements, we obtain. 

dU= TdS-PdV 

This tells that for a system of constant composition, the internal energy U is 
a function of 5 and V. That is U = U IS. V). If we consider a multicomponent 
system consisting of <■ constituents, then 

(/= U(S.V.n,.n 1 ...M l ) 

Where n = moles of constituent /. 


Example 6.3 

Name the widely used thermodynamic potentials and define Helmholtz free 
energy and Gibbs free energy. 

Solution : 

The widely used Ihcrmodynumic potentials are internal energy u. enthalpy h, 
Hclmholz free energy a and Gibbs free energy g. We know that 

du = Tds - Pdv (A) 

or u = u Is. v ) 

which expresses the differential change in u when the independent variables 
s and v are simultaneously changed. We also know that the enthalpy h, is defined 

as 
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h = u + P\ ■ 

or dh = du + Pdv + vt IP 

Subsliluling for du from Eqn. (A). We get 

dh = Tds* vdP (B) 

or h = li Is. P) 

The Helmholtz free energy a is denned as 
a = it - 7i 

or da = du - Tds - sdT 

Substituting for du from Eqn. (A), we get 
da = - sdT - Pdv 

or a = a(T.vl 

The Gibbs free energy g is defined as 

g= h-Ts = u + Pv-Ts 

or dg = dh - Tds - sdT 

Subsituting for dh from Eqn(&) we get 

dg — — sdT + vdP ID) 

or g = glT.P) 


Note IVe have observed that u = u Is. v); h = h(s. PI: a = a(T. v) and g = g IT, P). 

Thai is. the natural independent variables of u are s and v, the natural independent 
variables for h are s and P. Similarly the natural independent variables are T and 
v for a and T and P for g. The Eqns.lA) — ID) express the differential changes of 
the thermodynamic potentials in terms of their natural independent variables. 

Example 6.4 

Why the energy functions, internal energy u and Helmholtz free energy a, 
are called thermodynamic potentials ? 

Solution : 

Suppose a system undergoes a change of state by following an adiabatic 
process. Then Q = 0. Application of the first law of thermodynamics gives 
At/ = -W or If - - At/. That is. the wort done by the system is equal to the 
decrease in its internal energy. Thus internal energy of a system represents the 
potential to do work in an adiabatic process. Hence internal energy U is called a 
thermodynamic potential. If work is done on a system during an adiabatic process, 
the increase in the internal energy of the system is exactly equal to the work done 
on the system. 
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Now, lei us consider a system which undergoes a process while it is interacting 
with the surroundings at T 0 . Let ds and ds 0 represent the change in the entropy of 
the system and surroundings, respectively. Then the first law of thermodynamics 
gives 

du= dq-dW or dW=-du + dq (A) 

The second law of thermodynamics gives 

ds + ds 0 5 0 <fl) 

The change in the entropy of the surroundings ds 0 , is given by 



Substituting Eqn. (C) in Eqn. (fl) gives 

ds=^- 7> 0 Of dq <, Ttfls (D) 

'0 

Then from Eqns .(A) and (D). we get 

dW = -du*dqZ-du + T a ds 
or tt'S(u r « J )-r 0 (j 1 -3 J ) 
or 

If the initial and final temperatures of the system are equal to the surrounding 
temperature, that is T, = T, = T 0 . then IV < («, -T, j,) - (u 2 -T 1 s 2 ) 
or VVSa.-flj 

The equality sign holds good if the process is reversible. Thus we find that 
the maximum work that can be obtained from a system during a given process, in 
which the initial and final temperatures of the system are equal to the surrounding 
temperature, is equal to the decrease in the Helmholtz free energy of the system. 
The maximum work can be obtained only when the process is reversible. If there 
is any irreversibility in the process the work delivered by the system is less than 
the decrease in the Helmholtz free energy of the system. On the other hand if the 
work is done on the system, the minimum work to be done on the system is equal 
to the increase in the Helmholtz free energy of the system. The work to be done 
on the system is minimum only when the .process is reversible. If there is any 
irreversibility in the process, the work to be done on the system is greater than 
the increase in the Helmholtz free energy of the system. Since the decrease in the 
Helmholtz function or Helmholtz free energy represents the potential to do work 
by a system during a given process, in which the initial and final temperatures of 
the system are equal to the surrounding temperature, it is called a thermodynamic 
potential. 
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Example 6.5 

II is desired lo compress air (an ideal gas with )• = 1 .4) in a piston - cylinder 
from I bar and 300 K ro a pressure of 10 bar and the final temperature of the air 
is 300 K.Thc air interacts with the surroundings which is also at 300 K. Determine 
the minimum amount of work lo be done per mole of air. 

Solution : 

The initial and final temperatures of the air are same as the surroundings 
temperature 300 K. The work done on the system will be minimum only when 
the process is reversible. The minimum work required is equal to the increase in 
the Helmholtz free energy of the system. That is 

^=“1 - fl , “<“i- T i j 2 > - - T , V 

We also know that T 2 = T, = T a = 300 K. 

For an ideal gas (u 2 - «,» » C, (Tj - T t ). 

Since T, = T 2 , (Uj - «,) = 0. 

Therefore = a i~ a i = ~ T n < J 2 - *,) 

—do 

For an ideal gas s,- j. = — — £ 0 or dq <, T^is 
'0 

Therefore -T 0 


-Rln^. 




= 8.314 x 300 x In y = 5.7431 kJ/mol 


Example 6.6 

A piston - cylinder assembly contains 0. 1 kg superheated steam at 30 bar and 
300°C. This assembly is placed in thermal contact with a reservoir at 300°C and 
the steam is allowed to expand to a pressure of I bar. Calculate the maximum 
work that can be obtained from the steam. 

Solution : 

The initial and final temperatures of the steam are equal to the surrounding 
temperature. T, = T 2 = T 0 ^ 30O°C. The maximum work can be obtained only if 
the process is reversible. The maximum work obtained is equal to the decrease in 
the Helmholtz free energy of the steam. That is 

lV - u ,= A.-A2 = (l/,-T,Si)-(l/2- TjSj) 

= m [(ii,- T,s,) - (a, - TjTj)] = m(a,~ tij) 
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For steam at 30 bar and 300°C: 

h, = 2995.1 U/kg: v, =0.081 16 m'/kg ; 
s, = 6.5422 U/kg K 
Therefore a, = u, - T, s, = h,- P, v, - T,s, 

= 2995.1 x l0*-30x I0 5 x0.08l 16 - 573 x 6.5422 x 10' 

= - 997.06 U/kg 
For steam at 1 bar and 300“C : 

h, = 3074.5 U/kg; v, = 2.6390 m'/kg ; 
s,= 8.2166 U/kg K 

Therefore 

°!= h i- P 2 v l- T 2 t l 

= 3074.5 X 10 s - I x 10* x 2.6390 
-573x8.2166x10’ 

= -1897.512 U/kg 

Then 

1^= m(a, — a 2 ) = 0.1 (-997.06+ 1897.512) x I0 3 
= 90.045 U 


Example 6.7 

Why the energy functions enthalpy and Gibbs free energy are called as 
thermodynamic potentials ? 

Solution : 

Consider a device like turbine which is operating in steady state, steady- 
flow conditions through which material continuously flows in and flows out as 
shown in Fig.E 6.7. Consider the device as the control - volume and apply the 
first law of thermodynamics to the control - volumf to obtain 






M) 


If the device is operating in steady - slate, steady - flow conditions we have 


dE 

dt 


0 and 
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Suppose [he device is adiabatic. Then Q - 0 



Fig.E 6.7. CoMrol-Vbiumc. 


Ignore KE and PE changes. Then Eqn. (A) reduces lo 
(/., - A,) = -!V,/m 

or W,lm = h l -h r 

Thai is Ihe power delivered per unit mass of fluid flowing through the device 
is equal to the decrease in the specific enthalpy of the fluid flowing through an 
adiabatic device. Therefore, enthalpy represents the potential to do work and 
hence it is called a thermodynamic potential. 

Now. consider a non-adiabatic device operating in steady-state, steady flow 
conditions. Ignore the KE and PE changes and apply the first law of 
thermodynamics to the device. Then Eqn. (A) gives 

or W,=Q-mih,-h,) 

Suppose energy flows at a rate of Q from the surroundings at T 0 into the 
control volume. The second law of thermodynamics gives 
AS + AS 0 20 

AS- — ^0 or & iSr 0 AS 

T o 


(O 
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Where AS 0 is ihc change in the entropy of the surroundings. Substituting 
Eqn. (O in Eqn. (fl). we get 

W,=Q -m III' - A,.) £ T 0 A S - rn (A, - A,) 

or W,im T 0 4j- ni (A r - A,) 

or H'Sm |T 0 (j < -j ( )-(A c -A.)| 

or — £ (A, - 7>,) - (A, - 7^,) (/>) 

If the temperatures of the fluid at the inlet and outlet of the control - volume 
are equal to the surrounding temperature, that is 
r,= T r =T 0 

Eqn. (/>) reduces to 


^£.<<A, — 7>,) — (A,-7>,) 

or — £ («,-«,) (© 

m 

The equality sign in Eqn. (£) is true for reversible process only. Thus we find 
that (he maximum work per unit mass that can be obtained from a device which 
is operating in steady- state, steady flow conditions such that the inlet and outlet 
temperatures of the fluid are same as that of the surroundings, is equal to the 
decrease in the specific Gibbs free energy of the fluid flowing through the device. 
If there is any irreversibility in (he device, (he work that can be obtained per unit 
mass of the fluid is less than Ihc decrease in the specific Gibbs free energy of the 
fluid. 

If the device is an energy consuming device like compressor or pump, then 
the minimum work required per unit mass of fluid flowing through it is equal to 
the increase in the Gibbs free energy of the fluid, if the inlet and outlet temperatures 
of the fluid are equal to (he surroundings temperature. From this we observe that 
the Gibbs free energy represents the potential to do work and hence it is called u 
thermodynamic potential. 

Example 6.8 

The atmospheric air is a mixture of nitrogen and oxygen in the mole ratio 
79:21. It is required to separate I mol/s of air at I bar 300 K into its pure 
components at I bar and 300 K. Calculate the minimum power required to separate 
the air. The surroundings are at 300 K. Treat air as an ideal gas. 
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Solution : 

The air flows continuously at the rate of 1 mol/s through the device. The 
inlet and outlet temperatures are equal to the surroundings temperature. The 
minimum power is consumed by the device only when it is reversible. Then, the 
minimum power required is equal to the increase in the Gibbs free energy. 

=*,-*, = (A, - V,> “ <*■ " VP 

For an ideal gas h = h(T) only. Therefore h , - h, = 0. 

Then 


-T a a,-*)-T t Ui-V 

The initial state i is a mixture of nitrogen and oxygen and the final state is 
pure components at the same temperature and pressure. We know that the entropy 
change due to mixing is given by 

Av=-KIX,lnX, = (j,-j,) 

Therefore 

InX, 

= - 8.314 x 300 x | 0.79 In 0.79 + 0.21 In 0.21 ) = 1281.91 J/s 
Therefore minimum power required = 1 .282 kW 

Example 6.9 

State the energy minimum principle. 

Solution : 

The energy minimum principle stales that a system in a state of stable 
equilibrium will have the minimum internal energy for given values of entropy 
and volume. That is U is minimum for given values of S and VotdU = 0 when S 
and V are held constant. 

Example 6.10 

Define the intensive parameters in terms of thermodynamic potentials. 
Solution : 

We know that u = u (j. v) 
or du = Tds -JVv = (fj) ds + (£)* 
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(da) 

- p= laJ, 


We know [hal 11- u ts. v) and il is a thermodynamic property. We also know 
that its differential is exact. What additional information can be obtained from 
the fact that du is an exact differential? 


If z = z U y). Then 


. . (dz\ , 

dz = — I tlx + I — dv 

\.ax), \oy). 


= Afrit + Ndy is an exact differential 


(fHf). 


Then if u = u(i. >•) 


Since du is an exact differential, it is tnic that 

©,-(£). 
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which is known as a Maxwell relalion.Thus every thermodynamic potential yields 
one commonly used Maxwell relation. 

Example 6.12 

What is the importance of Maxwell relations in thermodynamics ? 

Solution : 

The entropy plays an important role in the analysis of thermodynamic 
processes. Quite often one has to estimate (he change in entropy of a system 
associated with changes in the independent, measurable variables P, vandT. The 
entropy can be expressed in one of the following ways. 

The entropy change can then be estimated by integrating the above relations. 
For this one should know the values of the six partial derivatives of entropy, 

(iUIUIUIUH - (I), 

Of these, the partial derivatives of entropy with respect to temperature are 
measurable and are given by 



The remaining four partial derivatives of entropy with respect to pressure 
and volume cannot be measured directly. The Maxwell relations express the 
partial derivatives of entropy with respect to pressure and volume in terms of 
measurable quantities, thus providing a means for estimating the entropy change. 
The Maxwell relation obtained from the thermodynamic potential internal energy, 
is given by [see Example 6.1 1) 



That is (<3t /dP) i is equal to the negative of the slope of v versus T curve for a 
reversible, adiabatic process which can be easily measured. 
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Example 6.13 

Derive Ihe most commonly used Maxwell relations starling from, the 
thermodynamic potentials expressed in terms of their natural variables. 

Solution : 

The thermodynamic potentials arc given by 

u = u (x. v) or tin - Tds - Ptlv 

Therefore, we gel 


Therefore. 



dli = Tds + vi IP 


ii = ill 7, v) or da- - sdT - Pdv 


Id) 


IHI 


Therefore. 



g = g IT. P) or dg = - sdT + vi IP 


Up Jr” lar J 


Therefore. 

Eqns. (A) - ( D ) are Ihe required Maxwell relations. 


(C) 


</» 


Example 6.14 

Present a thermodynamic Mnemonic diagram and explain the method of 
writing Ihe differential expressions for the thermodynamic potentials and Maxwell 
relations based on the diagram. 

Solution : 

The Mnemonic diagram shown in Fig.E 6.14 (u) consists of a square with 
two diagonal arrows pointing upwards. The sides of the square are labelled with 
the thermodynamic potentials. Starting from the top. the potentials are placed in 
alphabetical order in clockwise direction. The natural variables of the potentials 
arc then placed such that each potential is flanked by its own natural variables. 
The differential expressions for the potentials can be expressed in terms of the 
differentials of its natural variables. The coefficients associated with the natural 
variables are indicated by the diaeonal arrows. The sign associated with the 
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coefficient is positive if the arrow points away from- the natural variable and 
the coefficient carries a negative sign if the arrow points towards the natural 
variable. 



Fig.E 6. 14. (o) Thermodynamic Mnemonic diagram. 

Thus we can write as 

du = (sign) (coefficient) ds + (sign) (coefficient) dv 
du = (sign) Tdj + (sign) Pdv 
du = + Tds + (-) Pdv 

or du = Tds - Pdv 

Similarly for the potential h. we can write 

dh = (sign) (coefficient)rfa + (sign) (coefficient) dP 
= (sign) Tds + (sign) vdP 
= (+) Tds * (+) vdP 

or dh = Tds * vdP 
Similarly, one can write 

da = -sdT-Pdv 
dg = - sdT + vdP 

lb obtain the Maxwell relations we need to concentrate on the direction of 
arrows and the natural variables only as shown in Fig.E 6. 14 (fr) 
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Fig.E 6. 14. (6) Thermodynamic Mnemonic diagram. 


Then move from the left hand lop comer in the anticlockwise direction and 
(3v) (dT\ 

write ^ an d equate it with obtained by moving in the clockwise 

direction starting from the top right hand comer 


If both the arrows are pointing in the same direction (either upwards or 
downwards), then there is no need to introduce an additional sign. However, if 
the arrows are pointing in opposite directions, a negative sign should be introduced 
in the equation. From Fig.E. 6.14 ( b ). we can write the Maxwell relation 



To obtain the next Maxwell relation, rotate the diagram clockwise by 90° as 
shown in Fig.E 6.14 (c). Then we obtain the Maxwell relation. 



Fig-E 6.14. (c) Thermodynamic Mnemonic diagram. 
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Note thill one arrow in pointing upwards while the other arrow is pointing 
downwards. Hence, a negative sign is introduced in the above equation. By 
rotating the diagram by further 90° as shown in FtgE. 6.14 (i/l we can obtain the 
Maxwell relation 



Fig.E 6. 1 4. ((/) Thermodynamic Mnemonic diagram. 



Further rotation of the diagram by 90° as shown in Fig.E. 6. 14 (e) 



Fig.E 6.14. (r) Thermodynamic Mnemonic diagram. 

yields the Maxwell relation 

(9779v) ( = - (9 P/ds) % 
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Example 6.15 

How do we express Che thermodynamic potentials for a multicomponent 
system ? Define the chemical potential of a component in terms of thermodynamic 
potentials. 

Solution : 

Fora system of constant composition, the molar internal energy « is given by 
u = u (s. v). For a system consisting of n moles, the internal energy U (= nu) is 
given by 

U= U(S.V.n) 

If a system contains n, moles of species I . n, moles of species 2. etc. then the 
internal energy of such a system is given by 

U= U(S. V.np/ij n r ) 

Then the differential change in internal energy can be expressed as 


[av) SA ,4l UJ S , V .., 
- f — ) 

' y dn, J s ^ n 


dU = TdS - Pdv + Zp, dn, 
where p 


= Chemical potential of species 1 


Similarly, the enthalpy H is given by 

H= H(S. r.n v n 2 n .) 

'■(SI 


or dH = Tds * VdP + Ip dn 
where p 


(J + i) 


' s.r 

The Helmholtz free energy A is given by 

A = MT.V.n,.n 2 n,.) 
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or dA - - SdT - PdV + 



The Gibbs free energy G of the mullicomponeni system is given by 
G= G(T.P.n ,,/ij n r ) 


</G = 






dG = — SdT + VdP + 



Where n,= 



Example 6.16 

Explain the meaning of the terms available energy and unavailable energy. 

Solution : 

We know that no heat engine can have an efficiency equal to one. In other 
words all the energy absorbed as heat by an engine cannot be converted into 
work. The second law of thermodynamics dictates the limit to which the energy 
absorbed by an engine can be converted into work. Suppose a thermal reservoir 
at constant temperature T is available. If a quantity of energy Q is absorbed from 
the reservoir by a Carnot engine operating between the thermal reservoir at T and 
the ambient atmosphere at T„ then the work delivered by the engine is given by 

>*'= m? = (i-^)<?=G-r 0 2=c?-r 0 |AS| 

where A S is the change in the entropy of the reservoir. Tile Carnot cycle is 
shown on a T-s diagram in Fig.E 6. 16 (a). The work done by the engine is the 
area enclosed by I- 2- 3 - 4. This represents the available energy or the portion 
of the energy which can be converted into work. The area enclosed by 4 - 3 - B 
- 4 represents the energy which is rejected to a sink. This denotes the unavailable 
energy or the portion of the energy which cannot be converted into work. The 
available energy is given by Q - T„ |AS| 
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(a) ( b ) 

Fig.E 6.15. Heal engine cycle on T-s diagram wiih 

(a) a constant temperature thermal reservoir as a source and 

( b ) a finite body as a source. 


Suppose a finite body which is initially at temperature T y is used as a source 
till its temperature reduces to 7*,, then the heat engine cycle is shown in 
Fig.E 6. 1 6 (b). This cycle can be treated as a sum of a large number of differential 
Carnot cycles. If dQ is the energy absorbed as heat at temperature T during a 
differential cycle, then the work dW that can be obtained is given by 

dw= = 

Then, the total work that can be obtained is given by 

w j( i - fyo = j-iQ - = Q - r 0 |as| 

Therefore, the available energy is Q- 7j> |AS| 

Example 6.17 

Suppose a certain quantity of energy Q is transferred from a body at constant 
temperature T { to another body at constant temperature T 2 (T, > 7"j). Is there any 
loss in the available energy due to the process of energy transfer, if the ambient 
temperature is 7"„ 7 If so why and what is the loss in the available energy ? 
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Solution : 

The energy is transferred from a body at higher temperature 7, to a body at a 
lower temperature TV The process of energy transfer is irreversible because of 
finite temperature difference. This irreversibility leads to a loss of available 
energy. Before the energy is transferred, the energy Q is available at 7,. Then 

Initial available energy = Q 1 1-^ 

V T l 


After the energy transfer, the energy Q is available at 7,. Therefore 
Final available energy = Q [ | -TS- 

V. h 


Loss in available energy = Q l-^r ~Q I - 



-l3 

-tJS-. 

Q 

T 


°U 

Ty) 


= r 0 (AS w „+A5 s ,^) = 7; i Ai' u „, 

where A.V uni is the total change in the entropy of the universe (the combination of 
the two interacting systems). If the process is irreversible. A > 0 and hence 
there is a loss in available energy. 


Example 6.18 

Two identical steel blocks each of mass 1 000 kg are available at two different 
temperatures. The first block is at 1200 K while the second block is at 600 K. 
The ambient temperature is 300 K. The specific heat of steel is 0.5 kJ/kg K. The 
blocks can be used as a source of energy to obtain work, till they are cooled to 
300 K. Calculate (a) the available energy of each block (b) the available energy 
if the blocks are initially placed in thermal contact to reach a stale of equilibrium 
and (c) the loss in available energy by allowing the blocks to reach thermal 
equilibrium. 

Solution : 

la) The energy that can be extracted from each block is given by 
Q = mC f ST 

Energy extracted from First block. Q, = 1000 x 0.5 x ( 1 200 - 300) = 450 MJ 

Entropy change of First block. 
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AS. = mC In ^ = 1000 x 0.5 In — = - 693. 15 kJ / K 
1 r, 1200 

Available energy of First block 
= 0, - T 0 1 AS, | = 450 000 - 300 x 693. 15 = 242.055 MJ 
Energy exlracled from Second block. Q l = 1000 x 0.5 x (600 - 300) 
= 150 MJ 


Eniropy change of second block. AS, = 1000 x 0.5 In = -346.57 kJ/K 

Available energy of second block = Q,-T 0 |AS 2 | 

= 1 50 000 - 300 x 346.57 = 46.029 MJ 
Total available energy of both the blocks 

= 242.055 +■ 46.029 = 288.084 MJ 
(fc) Let T. = Equilibrium temperature of the blocks. 

Energy balance gives 
mC (Tj— 1200) + mC (7^- 600) = 0 
or Ty= 900 K 

Energy extracted from both the blocks = 2 mC (T f - 300) 

= 2 x 1000 x 0.5 (900 - 300) = 600 MJ 

Entropy change of blocks 

= 2mCln-^ = 2x1000 x 0.5 In — = -1098.61 kJ/K 
T, 900 

Available energy = 0 - T, IASI = 600 000 - 300 X 1098.61 
= 270.417 MJ 

(c) Loss in available energy due to energy transfer between the blocks 
= 288.084 - 270.417 = 17.667 MJ 


Example 6.19 

In a heat exchanger 1 00 kg saturated liquid water at 200"C is converted into 
saturated vapor at the same temperature by passing air at 2 bar and SStTC. The 
air leaves the heat exchanger at 250“C and at the same pressure. If C r of air is 
1 .005 kJ/kg K and the ambient temperature is 300 K. determine the loss in the 
available energy due to the process of exchanging energy from air to water. 
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Solution : 

At 200°C, enthalpy of saturated liquid water = 852.37 kJ/kg 
Enthalpy of saturated vapor= 2790.9 kJ/kg 

Energy gained by water = 100 x (2790.9 - 852.37) x I0 5 = 193.853 MJ 
Energy lost by air = 193.853 MJ = (mC, AD„ 


193.853 x IQ 6 
1.005 xio'x (350 - 250) 


= 1928.9 kg 




= mC,Jn = 1928.9 x 1.005 In— = - 339.18 kJ IK 


AS .«. = m <*«-*/> = 100 x( 5 .4278 - 2.3307) = 409.71 kJ/K 

Loss in available energy = T Q A = T 0 (AS.^ ♦ A 

= 300 x (- 339.18 + 409.71) X 10 5 = 21.159 MJ 


Example 6.20 

What is availability ? 

Solution : 

The availability of a given system is defined as the maximum useful wtork 
that can be obtained in a process in which the system comes to equilibrium with 
the surroundings or attains a dead stale. 

Suppose a system is initially available at temperature T and pressure P while 
the surroundings are T 0 and P 0 The system can undergo a process in which it 
reaches a state of thermal equilibrium and mechanical equilibrium with the 
surroundings and delivers some work. When the system is in equilibrium with 
the surroundings, there is no possibility of obtaining further work from such a 
system. In other words, the system attains a dead stale. Then the total work 
delivered by the system will be maximum. A pan of the total work delivered by 
the system is used in pushing the surrounding atmosphere, which will not be 
available to move a body. Therefore, the maximum useful work that can be 
obtained from a system is less than the maximum work done by the system during 
a given process. This maximum useful work delivered by the system is called the 
availability of the system. 


Example 6.21 

What is the availability function or availability for a non-flow process ? 
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Solution : 

We know that the availability is the maximum useful work that can be 
ontained from a system during a given process. The availability is less than the 
maximum work delivered by the system by the amount of work that is spent in 
pushing back the atmosphere. Suppose a system does work while it is interacting 
with the surroundings at T 0 in such a way that Ihe initial and final temperatures of 
the system are identical with the surroundings temperature. Then the maximum 
work that can be obtained is equal to the decrease in the Helmholtz free energy of 
the system (see Example 6.4]. Suppose the system is initially in the state P,, V, 
and reaches the final state P a . V' 0 which is in equilibrium with the surroundings. 
Then 

"m. = A i ~ \> = < y t - T , *,> - Vo> wherc r i = T « 

The change in the volume of the system = V 0 - V, 

The work done by the system in pushing the atmosphere = P„ < V 0 — V, >. 
Then, the maximum useful work or availability is given by 

Availability = meU = '*/ ma - P„< V V,) 

= (U, - W - (t/ 0 - T 0 S 0 ) - P„ ( V„ - V,) 

= (U l + P 0 V I -T a S,)-lU,, + P a V 0 -T„S 0 > 

= <.,-«> 

where $ = U + P 0 V - T 0 S = Availability function for non-flow process 

Suppose a system is in the initial state I. where the availability is (6, - 0 O ) 
and reaches the final state 2, where the availability is («, - ©„) during a given 
process, then the change in the availability or the change in the maximum useful 
work associated with the process is 

(♦i =♦:-<>, 

Example 6.22 

If the ambient conditions are I bar and 25°C. what is the availability of steam 
at 5 bar and 300°C ? 

Solution : 

At 5 bar and 300°C : v, = 0.5226 m'/kg ; h,= 3064.8 kJ/kg 
r, = 7.4614 kJ/kg K 

♦i = "i + Vi -Vl = A t- V. + P o v . - V. 

= A, - v, (P, - Pq) - T 0 r, 

At 25° and I bar. the water is compressed liquid. However, the properties 
of the compressed liquid can be taken as equal to that of the saturated liquid 
at 25°C. 
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Al 25°C : v r = 0.001 002 9 m’/kg ; A,= 104.77 kJ/kg = u, 
s,= 0.3670 kJ/kg K 
®o= "o + Vi " Vo ~ h o* Vo " Vo 
Then, availability = 0, - 0 „ = |A,- v, (/>, - />„) - V,) - |A„ + Vo "Vo) 
= (6,-A 0 ) + P 0 <v,-v 0 )-7' 0 (T | - Jn )-P, v, 
or «,-<>„ = (3064.8 - 104.77)10* + (0.5226 - 0.001 002 9) x 10' 

- 298 (7.4614 -0.3670) x IO’-5x IO'xO.5226 
= 636.76 kJ/kg 


Example 6.23 

In a process plant steam at 30 bar and 300"C is available. In some other 
section of the plant, it is necessary to use steam at I bar and 200"C. It is proposed 
to obtain some work from the steam at 30 bar and 300°C in a suitable process and 
reduce its conditions to I bar and 200°C. before it is supplied to the second section. 
Determine the maximum useful work that can be obtained per kg of steam in the 
process if the ambient conditions are I bar and 300 K. 

Solution : 

The maximum useful work that can be obtained = i>, _ 0. 

♦, - = <“, + V. - Vi> - - V; - V:> 

= (A, - P,v, + P 0 v, - T a r,) - (A, - P;V ; + P 0 v, - T^ij) 

= (A, - A,) + P B (v, - w,) - T 0 (s, - jj) - P,v, + PjVj 

For steam al 30 bar and 300"C : 

v, = 0.081 16 m’/kg : A, = 2995.1 kJ/kg ; s, = 6.5422 kJ/kg K 

For steam at I bar and 200"C : 

v, = 2.1 720 m’/kg : A, = 2875.4 kJ/kg ; i, = 7.8349 kJfkg K 

Therefore. 

0, - «, = (2995.1 - 2875.4)10’ +1x10' (0.081 16 - 2.1720) 

- 300 (6.5422 - 7.8349) x 10'- 30 x I0'x0.08l 16+ I x I0'x2.l720 
= 270.83 kJ/kg 


Example 6.24 

What is the availability function for a flow process ? 

t 
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Solution : 

We know lhal Ihe maximum work per unil mass lhal can be obtained from a 
device operating in steady - state, steady flow conditions in which the inlet and 
outlet temperatures of the fluid flowing through it are equal to the surroundings 
temperature with which it is interacting, is equal to the decrease in Ihe specific 
Gibbs free energy of the fluid flowing through the device [see Example 6.7]. 
That is 


W ' 1 ™ = lg, - g r ) = (*,- T, s.) - (/i_ - T s r ) 

where T l = T r = T 0 = surroundings temperature 
Therefore 

^^=(A,.-V,)-(/i t -V c ) 

m 

or M4nm =i»(A,- V, T^ t ) = (H i -T 0 S i )-(H t -T 0 S r ) 

0r W's-ma. = («- V.) - <«, - W 

VV, represents the shaft power output which is useful power output only and 
no shaft power output is consumed in pushing back the atmosphere. The maximum 
work can be obtained from the device if the fluid leaving the device is in 
equilibrium with the surroundings or attains the dead state. Therefore, the 
maximum useful work done by a steady flow device is given by 

" SmM = I", - W - - W = «, - « 0 

where B = H - T^S = Availability for a flow process. 

The function B is sometimes called as Darricus function. 

Quite often an engineer encounters a situation in which the material flowing 
through a device undergoes a change from state I to stale 2. Then (he useful 
work that can be obtained is given by 

In several industrial processes the material flowing through a device interacts 
with some other fluids or bodies instead of with the surroundings. In analyzing 
such cases one should consider the combination of both the interacting fluids or 
bodies to estimate the change in (he availability. 

Example 6.25 

Air at 50 bar and 700 K enters a turbine operating in steady state and leaves 
at 2 bar and 350 K. Considering air to be an ideal gas with y = 1 .4 (a) calculate 
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Ihc power delivered by the turbine if the flow rate of air is 100 mol/s. (ft) If the 
ambient conditions are I bar and 300 K. determine the maximum power that can 
be delivered by the turbine. 

Solution : 

(a) We know that 

W s = m{h l -h'> = mC p {T,-T i ) 

Ry 8.314x1.4 

and C, = — — = = 29.099 J/ mol K 

' y - 1 0.4 

Therefore 

W s = 100 x 29.099 (700 - 350) = 1.018 MW 

(i>) The maximum useful power delivered is given by 

W s uviui = (B, - B 2 ) = m Uh, - V,) - (h 2 - 7> 2 )] 

= m [(/!, - Aj) - T 0 (J, - Ij)] = m [(C, (7-, - r 2 ) + T 0 (s 2 - s,)| 

= m [c, (71 -T 2 HT 0 jcp In i - ffln ^[J 

= lOOx 29.099 (700- 350) + 300x|29.099 In — -8.3l4ln — 1 
L l 700 50] J 

= 1.216 MW 


Example 6.26 

A heat exchanger is designed to cool 10 mol/s of chlorine gas from I bar and 
700 K to 350 K and I bar by a stream of air entering at I bar and 300 K. The 
specific heats of chlorine gas and air arc 34 J/mol K and 29 J/mol K. respectively. 
The chlorine gas and air enter the heat exchanger at opposite ends. The air leaves 
the heat exchanger at 400 K and I bar. Assume that the heat exchanger is perfectly 
insulated and the ambient temperature is 300 K. Calculate 

(a) the entropy change of chlorine gas and air. 

(b) the change in availability of chlorine gas. 

(c) the change in availability of air. and 

( d) the loss in available energy because of energy transfer from chlorine gas 
to air. 
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Solution : 

A schematic of the heat exchanger is shown in Fig.E 6.26. 


©i, 


Chlorine 700 K 
10 mol/s 




Fig.E 6.26. Schematic of a heat exchanger. 

(a) Energy balance gives 
Energy lost by chlorine gas = Energy gained by air 
or [m c, I r, - r 2 )] a; = [mc f (y 4 - r,)]^ 

10 x 34 x (700 - 350) =m B x29x (400 - 300) 
or Flow rate of air, m Ml = 41.034 mol/s 



= 10 x 34 ln^ = - 235.67 J/K s 


AS„ =m„C,ln^- = 4l.034x29xln^ =342.338J/ks 

lb) The change in availability of chlorine gas = m (fi, - B,) 
m IB, - B,) = m |(hj - V 2 > - <*. - V.» 
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(c) The change in availability of air = ni ui (fl 4 - fi,) 

m „ (B, - B y ) = m,, Hh t - Tj t ) - (A, - r„J,)l 

=^[ c ,(/4-r,)-7- 0 c, |n |] 

= 4 1.034^29 (400 - 300) - 300 x 29 In ^ j = 16.297 kJ / s 

Id) The change in ihe availability of air = 16.297 kJ/s 

The change in the availability of chlorine = - 48.299 kJ/s 

Therefore, ihe total change in the availability = 16.297 - 48.299 
= - 32.002 kJ/s 

Hence, the loss in the availability = 32.002 kW 
Example 6.27 

What is meant by second law efficiency and what is the necessity 
of introducing the term second law efficiency ? 

Solution : 

We know that the thermal efficiency or simply the efficiency of a heat engine 
cycle is defined as the ratio of the net work done to the energy absorbed. This 
efficiency is based on the conversion of energy supplied as heat into work and it 
is usually called as the first law efficiency because the first law of thermodynamics 
deals with the conservation of energy. Suppose a certain quantity of energy Q is 
available as heat at a higher temperature 7", while the ambient temperature is T 0 . 
Then the portion of Q which can be convened into work, or Ihe available energy 
is given by 

If the same amount of energy Q is available as heat at temperature (T z < 
7",), then the available energy is given by 

Since T, < T r we find that 
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Thai is, the available energy is high if Ihc energy Q as heal is available at a 
higher temperature. Even though Ihc magnitude of Q is identical, the potential 
or quality of Q is higher if it is available at higher temperature. 

To take into account the quality of energy, the term second law efficiency is 
introduced. The available energy depends on the entropy change of the source 
supplying the energy. Since the concept of entropy is based on the second law of 
thermodynamics, the performance of a device in maintaining the available energy 
is expressed in terms of second law efficiency. The second law efficiency ( q,) of 
a device is defined as 

The change in the available energy of a system 
I ' : The change in ihc available energy of thesourcc 


Example 6.28 

Define the second law efficiency of a compressor or pump. 

Solution : 

Suppose a fluid enters a compressor or pump at pressure and leaves at 
pressure P, when work H' is done on it. The compressor or pump receives work 
W from an external agent such as an engine or electric motor, the work done on it 
represents the change in the available energy of the source. The path followed by 
the compression process is shown as 1-2 on a T- s diagram in Fig.E 6.28. 

The work done on the compressor or pump is greater than the minimum 
energy required because of the irreversibilities in the device. It is possible to 
change the state of the fluid from I to 2 by following the path I — a — b - 2 which 
requires the minimum amount of energy. This minimum work is the change in 
the available energy of the system which is equal to (fl, - fl,). Then, the second 
law efficiency of a compressor or pump is given by 



Fig.E 6.28. T j diagram showing the compression process 1-2. 
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_ Thechangein iheavailableenergyof system B, - B, 
Thechangein Iheavailableenergyof source IV 


(/h"A|)— 7 q(T;— T j) 

IV IV 


Kxample 6.29 

Air at I bar and 300 K enters an adiabatic compressor and leaves at 1 0 bar 
and 650 K while the ambient temperature is 300 K. Calculate the isentropic 
efficiency and the second law efficiency of the compressor. For air C,, = 29 J/ 
mol K. 

Solution : 


The T - s diagram showing the actual compression process I - 2 and the 
isentropic compression process 1-2' is shown in Fig.E 6.29. 

For an isentropic compression s r -s,= 0. 



or 29 In^-8.3l4lny = 0 
or Ty = 580.5 K 

Work needed by an isentropic compressor 

Isentropic efficiency il r = ... , : 

Work done on actual compressor 



Fig.E 6.29. Sketch for Example 6.29 The path I- 2 shows the actual compression 
process and the path I - 2' denotes the compression process if the compressor 
were isentropic. 
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The second law efficiency n, = 


-/l|)-r 0 (T;-3|) 

w Uh-h,) 


or 


T 0 

il,= l 


c P a : -T,) 


l 300 


29(650-300) 


Example 6_30 

Define the second law efficiency of a turbine. 

Solution : 

Suppose a fluid ai pressure P t enlers a turbine operating in steady-state and 
leaves at pressure P, and the turbine delivers work H' per unit mass of the fluid 
flowing through it. The T— s diagram showing the actual expansion process 1—2 
and a hypothetical process I -a-b - 2 which delivers the maximum work is shown 
in Ftg.E 6.30. 



Fig.E 6.30. T x diagram showing adiabatic expansion 1-2 in a turbine. The process 
I -a-b - 2 is a hypothetical process which delivers maximum work. 

The actual work done, IV = ft, - h 2 is less than the maximum possible because 
of inherent irreversibility in the turbine. The actual work delivered by the turbine 
represents the change in the availability of the system. The maximum possible 
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work represents the change in the availability (fl, - fl,) of the source. Therefore, 
the second law efficiency of the turbine is given by. 

The change in the availability of the system _ 

: Thcchangcintheavailabilityof thcsouicc B|-B, 

_ *i ~ ^ h i~ h : 

(B| “To X|) — (/*2 - ?o J 2) (Aj — At) + 7J)(j2 ~J|) 


Example 6.31 

In a thermal power plant superheated steam at SO bar and 400"C enters an 
adiabatic turbine and leaves as wet steam of quality 0.90 at 0. 1 bar while the 
ambient temperature is 30"C. Calculate the second law efficiency of the turbine. 
Soluliim : 

The T - s diagram showing the adiabatic expansion process is shown in 
Fig.E 6.31. 



Fig. I; 6.3 1 . Sketch for Example 6.31 . 

For steam at SO bar and 400“C. 

h, = 3198.3 kJfkg ; s, = 6.6S08 kj/kg K 

For steam at 0. 1 bar: 

h t = 191.83 kJ/kg ; h f = 2584.8 kJ/kg 
s t = 0.6493 kj/kg K ; s f = 8.151 1 kJ/kg K 
hjBX^ + U -x 2 )h,= 0.9 x 2584.8 + 0.1 x 191.83 = 2345.50 kJ/kg 
r 2 = Xj s + (l -X 2 )s f =0.9 x 8.1511 +0.1 X 0.6493 = 7.4009 kJ/kg K 
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The second efficiency rj, of the turbine is given by 
*■ -*» 

(A, -A,)+r„( l2 -J,) 

3198.3-2345.50 

(3198.3 - 2345.50)+ 303(7.4009 - 6.6508) 

= 0.78% 

Example 6.32 

Heat exchangers arc widely used in process industries for exchanging energy 
as heal from one fluid to another. It is neither a work delivering device like a 
heat-engine or turbine nor a work consuming device like a compressor. How 
does one define the second law efficiency of a heat exchanger ? 

Solution : 

Consider a heat exchanger shown in Fig.E 6.32 which is in steady - state 
operation. 


Hot fluid 
inlet 


Fig.E 6.32. Schematic of heat exchanger. 

Let 

m H = mass flow rate of hot fluid through the heat exchanger. 
m c = mass flow rale of cold fluid through the heat exchanger. 
h m , h m = specific enthalpy of the entering and leaving hot fluid, respectively. 
h cr h,-~ — specific enthalpy of the entering and leaving cold fluid, respectively. 

= specific entropy of the entering and leaving hot fluid, respectively. 
j C i. s c j = specific entropy of the entering and leaving cold fluid, respectively. 
T 0 = ambient temperature 
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If the heal exchanger is adiabatic, an energy balance gives 
m H ( Vi ~ VP = m c (Vj “ Vi* 

The decrease in the availability of the source is the change in the availability 
of the hot fluid and it is given by 

(B, - fl,) H = m„ l(/i H1 - V m ) - (/t m " To a /n )l 

“ m H Uh H ,-h m )-T 0 (i m -s m )i 

The change in the availability of the system is equal to the change in the 
availability of the cold fluid and is given by 

(B, - B,) c = m c KAei - V„) - <A CI - T 0 s cl )] 

= m c I'Vj- Vi>- 7 o< 5 cj- j ci)I 
The second law efficiency t] 3 of a heal exchanger is defined as 
The change in the availability of the system _ (B, - fi, ) c 
The change in the availability of the source (B,-B;) H 

= me [( V 2 — Vi >— Tq (* c 2 — ^ct *] 
m H [<Vi _ V: • “ T 0 (s HI - s H , )] 


Example 6-33 

In a thermal power plant wet steam of quality 0.9 at 0. 1 bar enters a condenser 
and leaves as saturated liquid at the same pressure. Cooling water at 25°C enters 
the condenser and leaves at 30“C. If the ambient temperature is 300 K, calculate 
the second law efficiency of the condenser. 

Solution : 

For steam at 0. 1 bar: 

A ( = 191 .83 kJ/kg ; l' e = 2584.8 kJ/kg 
s, - 0.6493 kJ/kg K ; a, = 8.151 1 kJ/kg K 
h H ,=- 0.9 x 2584.8 + 0.1 x 191.83 = 2345.50 kJ/kg 
s H , = 0.9 x 8.151 1 + 0.1 x 0.6493 = 7.4009 kJ/kg K 
= 191 .83 kJ/kg ; s m = 0.6493 kJ/kg K 

At 25"C : A, = 1 04.77 kJ/kg = li a 

s.= 0.3670 kJ/kg K = j ci 
/ i, = 1 25.66 kJ/kg = h n 
0.4365 kJ/kg K = 


At 30°C : 
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Let m c = mass flow rate of cooling water per kg of steam. An energy balance 
on the condenser gives 

(, 'i/i - a // 2 * = **c “ A ci* 

or 2345.50- 191.83 =m c ( 1 25.66 - 104.77) 
or r» c = 103.1 kg cooling water per kg steam 


I03.l[l25.66 - 104.77 - 300(0.4365 - 0.3670)] 
2345.50-191.83 - 300(7.4009 - 0.6493) 


I03.l[l25.66- 104.77 - 300(0.4365 - 0.3670)] 
2345.50- 191.83 - 300(7.4009 - 0.6493) 
or t) 2 = 0.0322 


Example 6.34 

Define the second law efficiency of a heat engine. 

Solution : 

Consider the heat engine cycle I— 2-3— 4 shown in FigE. 6.34. It recevies 
energy Q„ as heat from the reservoir at T and rejects energy to a low temperature 
reservoir at 7j, while it does work W. The available energy needed to deliver a 
certain amount of work by a reversible engine is less than the available energy 
needed by an irreversible engine to deliver the same amount of work because the 
loss in available energy in a reversible engine is zero. Therefore, the work 
delivered by an engine represents the minimum available energy required by a 
heat engine or the change in the available energy of the system. The available 
energy needed by the actual engine represents the change in the available energy 
of the source. The second law efficiency of a heat engine cycle can be defined as 



Fig.E 6.34. T-s diagram of a hypothetical heat engine cycle. 
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Work delivered (or Ihe minimum available energy needed ) by an engine 
Available energy required by Ihe actual engine 


The available energy absorbed by the heat engine = Q H ^ | - y- j 
Therefore, the second law efficiency q, of a heat engine is given by 


IV 




11 

Hcarnol 


where q = — = thermal efficiency of the heat engine. 
Qh 


Example 6J5 

Define the second law efficiency of a refrigerator and heat pump. 

Solution : 

The objective of a refrigerator is to absorb energy in the form of heat from a 
low temperature body and reject energy as heat to a high temperature body when 
work is done on the device. The work to be done on a refrigerator, for a given 
rate of cooling, will be minimum only when the refrigerator operates on a 
reversible cycle. ACamot refrigerator, operating between two thermal reservoirs, 
requires the minimum available energy for a given rate of cooling. The amount 
of available energy (or work) required by any practical refrigerator will be larger 
compared to a Carnot refrigerator. Hence, a Carnot refrigerator is used as a 
standard of perfection against which the performance of practical refrigerators 
can be compared. The second law efficiency q, of a refrigerator is defined as 

_ Available energy required by a Carnot refrigerator 
Available energy required by the actual refrigerator 
for the same rate of cooling. 


For a Camot refrigerator (COP), 


c “"“ W Tu-T, 


or the available energy needed by a Camot refrigerator, 
w _. Qi (7 » - T i . 

YV C»n* “ j 
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The coefficient of performance COP of the actual refrigerator is given by 


<COP),= 




(COP), 

Hence, the second law efficiency in of a refrigerator is given by 


= JStai = QiJJkzMJL = JcoP)g_ 

2 HUd Or. '(COP), (COPlc^, 

Similarly, the second law efficiency r)j of a heat pump is defined as 


_ Available energy needed by a Carnot heal pump 
T ' J “ Available energy needed by the actual heat pump 
to perform the same task 


'Vcamo.t 


The COP of a heat pump is given by 

Qh „ or 


(COP) HP = 




Qh 

(COP)hp 


For a Carnot heat pump, we have 
_ Qh 


Qh 


Hence the second law efficiency t), of a heat pump is given by 
_ Qh '(COPIcotm HP (COP) ltP 
2 a, /(COP) H p (COPv^hp 


Example 6.36 

A vapor compression refrigerator employing Freon - 12 as the refrigerant 
operates between the temperature levels - 20“C and 40“C with a COP of 3. 1 1 2. 
Calculate the second law efficiency of the refrigerator. 

Solution : 

Given (COP), = 3.1 12 


<COP) CanD , = 



253 

313-253 


4.2167 


Therefore 


(COP), 

(COPlc m 


3.112 

4.2167 
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Thermodynamic Relations 


Example 7.1 

Suppose Ihcre exisls a relationship of the type / (x, y, z) = 0 among the three 
variables x. v and z. show that the reciprocal relationship can be written as 

(dy) z (3y/3x) z 

Solution : 

If there exisls a relationship/fx. y. z) = Q among the three variables x. y and z, 
then one can write 

x= x (y, z) 



Substitute for dy from Eqn.(S) in Eqn.(A) to obtain 




THERMODYNAMIC RELATIONS 


In Eqn. (O the independent variables are r and ; and hence 



The Eqn. (D) can be rewrillen as 


(*) . * 

Which is the reciprocal relaiion. 

Example 7.2 

Suppose the Ihree variables x. >• and z are relaled as fix, y .z) = 0. show that 
the cyclic relation among the three variables can be written as 

( 11 ( 11 ( 11 -' 

Solution : 

We have 



(see Eqn. ( E) of Example 7.1] 


(IKS1--SI 

We know that the reciprocal relation gives 

= _!_ 

IrteJ, (dzldx). 

Substituting this in Eqn. M). we get 



Which is the desired cyclic relation. 
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Example 7.3 

Consider a single component simple thermodynamic system. For such a system 
we deal with the three measurable properties P,V and T and the four thermodynamic 
potentials U,H, A andG in addition to the important property S. Thus we normally 
deal with 8 vanables and their partial derivatives. How many relations are possible 
among these derivatives ? 

Solution : 

Consider the three measurable variables/’. V and T. There exists a relationship 
flP. V.T) = 0 among these three variables. Then one can express V as a function 
of P and T as 

V= V(P. D 


■(swa- 

by dP hi 

SHIHIMIL 


Dividing Eqn. (A) by dP holding S constant, wc get 


That is. the parlial derivative 


partial derivatives 


(£1 - 
(£!•(£! - (f?i 


expressed in terms of three other 


Thus it is always possible to 


express one partial derivative in terms of three other partial derivatives. If we are 
dealing with eight thermodynamic properties (P.V.T, U,H. 4.G and 5). the number 

of partial derivatives of the type ^ ^ j that can be obtained are 3 ! x *C, = 336. 

The number of relations of the type given in Eqn. (B) among the 336 
possible partial derivatives are equal to the number of ways of choosing 4 
out of the 336 partial derivatives. That is. the number of possible relation 
are "*C 4 = 5.216x10*. 


Example7.4 

Define the Jacobian of x and v with respect to a and h. 

Solution : 

It x = x (a . b) and y-yla,b) where a and h are independent variables, the 
Jacobian of x and y with respect too. b is defined in terms of the partial derivatives 
of x and y as 
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For simplicity of notation, the Jacobian j\ 


be written as 



Example 7 £ 

State some important properties of Jacobians. 

Solution : 

A few important properties of the Jacobians are 

'• [S| x m = m 2 ‘ ,x ' >1=_Lv ^ 

3 - '«>=° 4 M = (H 

Where I— is wrilien as [a, y] only by omitting the independent variables a 

[a.b] 

and b for simplicity in writing. In the relation (i. yj = - [y, a) one can introduce 
two independent variables like u and b on both sides of the equation, if needed. 

Example 7.6 

Suppose there exists a relation /(xtu)*0 among the three variables x. y 
and z. Then show that the partial differentials of these variables can be expressed 
in a cyclic relation form as 

U , y] dz + [y . z) d« + [z . x) </v = 0 
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Solution : 

If f(x.y.z) = 0. then one can write 
Z=2(x.y) 




Express Ihc partial differentials of z in terms of Jacobiuns to obtain 
dz= 

M [.'-'I 

or [x, y] <1: = [z. yj dx - (z. x] dy 
or (a-, y] dz + [v. z]dx*[z. x] dy = 0 


Example 7.7 

Suppose one considers that four variables x, y. z and a are related as fix, y, 
z,o) = 0 then show that a cyclic relation of the type 

[X. yj fc a] + Lv. z] [*. a] + [z. x] [y, a] = 0 

Can be written in terms of the Jacobians. 

Solution : 

Consider z = z(x, y). Then 



l-tf.y y-* 


Dividing the above equation by db, holding a constant. 





or 


M = yiijMlzf 

\b,a x.y] b.a MM 


(A) 


or Iz. a) |x. y) = [z. yl [x, a] — |z . x) for . a) 
or [x . y) Iz . a) + Lv . zj [x . a) + [z . x) (y . a] = 0 
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In the above relations X is any variable except U, H. A and C. 

Example 7.9 

Show that the four important Maxwell relations are equivalent to [7T S] = 
[ P. V) in the Jacobian notation. 

Solution : 

We know that the four important Maxwell relations are : 



These Maxwell relations can be obtained from (T. S] = [P, V] as given below. 


Suppose we would like to find the value of . Then express the partial 

differential in Jacobian notation as 



Then substitute the relation ITS] = [P. V) to obtain 



which is the first Maxwell relation. Similarly. 

fas) . fc T I_ 

Up Jr [P.P] [p.r] UrJ, 



fap) = 

l as A, [s.v] [s.v] [v.s] U^Jj 
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Example 7.10 

Express Ihe definitions of C,, C, p and xin Jacobian notation. 
Solution : 


Wc know that C, 


Hfl 


This can be expressed as 



K = = _i^ = iML 

v l, dp J, t'[ p. 7] v'[r.p] 

P [!'■/>] V[T.P] [!'./■] 

k v[t.p] [v.r] [v'.r] 


Example 7.11 

Derive the following important TdS relation following the method of partial 
differentials. 

Tds = c e <rr-pvrdP 

Solution : 

Consider S= S(T.P). Then 



We know that the specific heat at constant pressure is defined as 



and the Maxwell relation 



1 / 1 ) 


IB) 


(C) 
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Substituting Eqns. (0) and (Q in Eqn. (A). we get - 


-MIL" 

We also know lhat Ihe coefficient of volume expansion P is defined as 



Substituting Eqn. (£) in Eqn. ID), we get 


dS= ^-dT-$VdP 

or TdS = C p dT - P VTdP 


Example 7.12 

Following the method of partial differentials, derive the TdS relation 
which is given by TdS = CjfT + [T p/tc) dV 
Solution : 

Consider entropy S as a function of temperature T and volume V . 

That is S = SIT.V). Then 



We know that Ihe specific heat at constant volume is defined as 



and the Maxwell relation 

(11= (IL 

Substitute Eqns. (fll and (O in Eqn. (/» to obtain 



We also know that P and K are defined as 



(B) 

(C) 

(D) 
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Therefore, 


P_ [ -V 

k" ndrj, x [(dv/dpv 


(f) 


using the recipocal relation ^ ^ j = - 


L Uvj r ( av/ap, r J 

We know that the cyclic relation among the variables P. V and 7 is given by 

MKSi- 


op' 


(ar)iav) r tar/a/>v Ur A, * 

Substituting Eqn. IP) in Eqn. ID), we get 


or TdS=C x/ dT+—dV 


Example 7.13 

The entropy of a pure substance can be expressed as a function of the two 
independent variables P and V. Following the method of partial differentials, 
derive the relation 


TdS = r^dP*^dV 

P VP 

Solution : 

Consider the entropy 5 as a function of pressure P and volume V. That is 
S=S!P. lO.Then 


dS = 



We know the Maxwell relations 


I A) 



IB) 
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Subsisting Eqn III) in Eqn (A) wc get. 

— (fM!)" <o 

Now consider the rclation/(S, T.V)=0. Then we can write the cyclic relation 

(SKfKSI- 




(D) 

We know the Maxwell relation 



SHSi 

and (he definilion of specific heal al constant volume as 


(£) 

Mil 


(FI 

Substituting Eqns. (£) and (F) in Eqn. (D), we get 



1 

2(1% 

II 

S5 


(G) 

We know that P = — 1 1 


(tf> 

From Eqns. (W) and (/). we get 


(1) 

HfUSl 


(J) 

Now. consider the cyclic relation 



(SUOT- - -&1&H1 

From Eqns .(J) and 00. we get 

-) 

I P)v 

00 
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There are no definite rules or procedures for deriving the thermodynamic 
relations. However, the procedure suggested below can be adopted to derive the 
desired relation by following the method of Jacobians. 

1 . If the variation of a particular property is to be expressed in terms of the 
variations of two independent measurable quantities consider that particular 
property as a (unction of the two chosen independent variables and express 
the differential change of the property in terms of its partial derivatives. 

2. Express the partial derivatives in Jacobian notation. 

3. If any Jacobian contains only one of the thermodynamic potentials J.H.A 
and G they should be eliminated by substituting the following relations: 

IV.X) = 715. XI -P[V . X] 

(H.X]= T[5,X) + V[P.X] 

[A.X] = —517*. X] -P[V . X] 

[G.x] = -5ir. x]+vq/>. X] 

Where X is any variable like P. V. TotS. 

4. If a Jacobian contains the combination of S and T it should be eliminated 
by using the Maxwell relations 

[r,s)= [P.n 

5 . If a Jacobian contains the combination of S either with P or V, it should be 
eliminated in terms of specific heats as 



cv_[sy[ 

7 -[7-.V] 


6. If a Jacobian contains only P V and T. then they can be expressed by using 
the relations 


P = 



0 _ [P.V. 


At the end of this one gets an expression containing only the measurable 
properties like P, V. T, p, C r and C,,. 

7. Sometimes it is possible to find Jacobians containing two thermodynamic 
potentials. Then use the following type cyclic relation 
lx y| | z. a] + (y. ;) (x a] + ( - *1 ly. a) = 0 
to express the Jacobian having two thermodynamic potentials in terms of 
Jacobians containing only one thermodynamic potential. In such cases it 
is advisable to include two independent measurable variables (one from 
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each of ihe potentials) in the cyclic relation. Then follow the steps 3 to 6. 
In case two thermodynamic potentials appear in a single partial derivative, 
the final result may contain some nonmcasurablc property also. 

Example 7.15 

Derive the relation TdS = C P dT-pVTdP following the method of Jacobians. 
Solution : 

The given relation expresses the entropy S as a function of the independent 
variables T and P. Therefore, consider S = S (7! P) 


- (#W§1- 


(A) 


Now express the partial derivatives in Jacobian notation. Then 

*.fwU + lwLp 

[T.P] [P.r] 

C P _ [S.P] 

In Eqn.(A) the Jacobian containing S and P is related to C p as j ~ pj 

and the Jacobian containing S and T can be eliminated using Maxwell relation 
[T, S] = [fi V). Then 


£ F dT+[ 0) dp 

In Eqn.(£) the Jacobian has P. V and T only. This is related to P as 

pv-l^l 
P M 

Substitute Eqn. (O in Eqn.(fl) to obtain 


(S) 


(O 


dS = ^-dT-fiVdP 


or Tds=c p <rr-pvrdP 


Example 7.16 

Following the method of Jacobians show that 
TdS= C..dT + —dV 
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Solution : 

Consider S= S (T. V). Then 


■“-(§MI)/ v 

(A) 

[S.Vl Cv 

We know that = -j- and [7, = [P. V) 

(B) 

Substitute Eqns. (fl) in Eqn. (A) to get 


dS= £iidT*^\dV 

(O 

T [V.T] 

[V.Pl B 
We also know that = — 

<0) 


Substitute Eqn. (0) in Eqn. (C) to obtain 

dS= ^-dT + ^-dV 
T K 


or TdS= C,.dT + —d\' 

' K 

Example 7.17 

Rework Example 7.13 using ihe method of Jacobians. 
Solution : 

Consider S = S(fi V). Then 



Eliminate the Jacobians containing S by substituting the definitions of C v 
and C p . 

[S.V] C v ,[S,Pl C. 

M = T "*[T.r] m T (fl > 
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Subsliluling Eqns.(fl) in Eqn.(/1). we gel 


dS - T [P.V] T [V.P] dV 

P [P.V] „ [V.Pl 

— = t - j and B = 

K [r.V] P V[T.P] 


Substiiulc Eqns. (0) in Eqn.(C ) 10 gel 


ds -T k r^ dv 


or TdS-jCydP+^dV 


(O 

( 0 ) 


Example 7.18 

The enthalpy of a substance is usually estimated by measuring the independent 
variables T and P. Derive a relation to estimate the change in enthalpy from a 
knowledge of temperature and pressure of a substance.Use the method of partial 
differentials. 

Solution : 

Consider It = It (T. P). Then 


dh = 



(A) 


we know that <lh = Tds* vdP. 

Divide the above relation with dP while T is held constant to obtain 



Substitute the Maxwell relation 



in Eqn (fl) to get 


= -7f— ) 

lapj r UrJ, 


CO 



380 


ENGINEERING THERMODYNAMICS THROUGH EXAMPLES 


„ Ifdv'l 


We know that P = - j 

ID) 

Substitute hqn.(O) in Eqn.(C) to get 


ei— 

IE) 

fdh) 

We also know that C p = ^ 

IF) 


Substituting Eqns.(E) and (F) in Eqn (4), we get 

Jh = C p dT+ ( v-vT$)dP = C F dT+ v (I - T p )dP 


Example 7.19 

Rework Example 7.18 by the method of Jacobians. 
Solution : 

Consider h= h{T. P ). Then 



We know that [A, P] = T (s. />] + v IP. P] = T [s. P] 
(A.71=ns.PJ + v[P71 
Substitute Eqns. (B) and (C) in Eqn. (A) to get 



Eliminate the Jacobian Containing s and P by the relation 



(A) 

IB) 

<C) 

(D) 

IE) 


and the Jacobian containing s and Tby the Maxwell relation 
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lT.si=lP.v\ 


Then wc gel 


I F ) 


,ih=c r ,rr+\^~l+^ii‘ to 

■ The Jacobian containing P. v and T only can he eliminated in terms of /J 

since 


0 = 

Substituting Eqn. IH) in Eqn. IG). we get 

dh = CpdT +(v- P vT) dP 
= CpdT+vO -TfrdP 



I H ) 


Example 7_20 

The internal energy of a substance is usually expressed as a function of T 
and v. Using the method of partial differentials derive a relation to estimate the 
change in the internal energy of a substance in terms of measurable quantities. 
Solution : 

Consider u = u{T. v). Then 



We Know that du = Tds - Pdv 

Dividing the above relation by dv holding T constant, wc get 



The Maxwell relation gives 



Substituting Eqn. fCJ in Eqn. IB), we get 


fO 
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ID) 

Consider the cyclic relation 


(0L®KSL- 

IE) 


IE) 

Substituting Eqn. IF) in Eqn IE), we get 


(a-*- 

<G) 

Substituting Eqn. (G) in Eqn. ( D ) we get 


II 

"13 

1 

IH) 


Now subsitute Eqn (Hi in Eqn (A) lo obtain 


du = + Pji/v 


Example 7.21 

Rework Example 7.20 using the method of Jacobians. 
Solution : 

Consider u = u(T. v).Then 



[u. v]= T[s. y] + /’Iv.v] = 7-(j, v) 
|u, 7} = 7" [j. 7] - 7* [»•. n 


We know that 


IB) 

<CI 
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Substitute Eqns.(fl) and (C) in Eqn. (A) lo gel 




Example 7.22 

Show that Ihe internal energy of an ideal gas is a function of temperature 
only. That is u = u (7) only. 


Solution : 


We know that 

<Iu= Cr/T-f^- 
p,- RT nri ._«I 

For an ideal gas 

Pv- RT or v - p 
„ lf'8v"l l« 1 

P= :U?J, = 7T7 

l(dv^ 1 {-RT) 1 

K vU/ , J r V p 2 P 

Therefore. 


Hence 

du= C_dT • = C ' dT 


Therefore, the internal energy of an ideal gas is independent of P and v and is 
a function of temperature only. 


Example 7.23 

Show that the enthalpy of an ideal gas is independent of P and v and depends 
only on temperature. 

Solution : 

We know that for any substance, the change in enthalpy is given by 
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For an ideal gas 


dh = Cy/T +v(l -p)dP 
Pv = RT or v = RT/P and 
„ Ifdv'l IK I 

p= 7larJ, = v 7 = r 


Therefore, dh = C r dT + v (I - TP ) dP 

= C r dT + v (1 -T/T)dP 

or dh = C f dT 

Thai is. for an ideal gas ihc enthalpy depends only on temperature. 


Example 7.24 

Show that the entropy change for an ideal gas can be calculated from any of 
the following two relations. 

AS= C-ln2.-«ln-& 

' T > n 

AS= C, In -^ + R In — 
n v t 

Solution : 

We know the following two TdS equations 


TdS= Cf/IT - P vTdP 

(A) 

TdS = C x dT*— dv 

IB) 


For an ideal gas, we know that = — and K = — . Substituting the value of 
(J in Eqn. (Ah we get 

TdS= C p dT-vdP 



If C, is assumed to be independent of temperature, the above equation can be 
integrated to obtain 

iSS=C p lni-«ln^ 

Substituting the values of p and K in Eqn (B). we get 
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TdS m CdT + —dv = C x dT + Pdv 


or 




If C, is assumed lo be independent of temperature, the equation can be 
integrated to obtain 


AS= C lni+/flni 
T, v, 


Example 7.25 

The internal energy of a pure substance can be expressed as a function of any 
two of the independent variables P. v and T. Therefore, a knowledge of the partial 
derivatives of internal energy with respect to the independent variables enables 
one to estimate the change in the internal energy. Derive the following partial 
derivatives of internal energy using the method of partial differentials. 




(a) We know that du = Tds - Pdv 

Dividing the above equation by dv holding T constant. we get 


dm 
_ p 

l. dv ) T V. dT ), 

Weknowd,a,(f) r (|)Jf)=-l 


Substitute the Maxwell relation 
obtain 


in the above relation lo 


f —1 - ( 

or UrJ, ""IdvJrlarJ, 


(A) 
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We know that »- 

Substituting for and j in terms of 0 and K .Eqn. (A) reduces to 
0P/an v = p/K (B) 

"-*» (II-?-' 

(fc) We know (hat du = Tds - Pdv 

Divide it with dv holding P constant to obtain 

(SHt),-' 

fas'! fa/M 

Substitute the Maxwell relation I j I - 1 Jjf ] in the above equation to get 

si- m.-’ 


in the above equation to get 
<Q 


Now consider / ( s. T. P)= 0. 
Then 

(Dism- 


(ap) -1 

1 0J ' 

1 (*i 



W 1 

JT, 

tu, 

Jr - r l a 

v L 


(Obtained by substituting the definition of C, and the Maxwell 
relation (d/V 3% = —(37" /dv-)/»l 

rapi C, 

or lari = 7vf (E> 

(Obtained by using the relation (5 = -f in Eqn. ID)]. Substituting Eqn. 


I El in Eqn 1C), we get 
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<t)u/dv), = %-f 


(c) We know thal </u = Tds - Pdv 

Divide it wilh i IT holding v constant lo obtain 


We also know thal 


( ifil _ j/30 

UrJ, " UrJ, 


(fO =c. 

UrA. 


(d) We know that du = Tds - Pdv 

Divide it with dT while P is held constant to obtain 


f-) = 7 (| i ] -C'-P# 

U rj, UrJ, UrJ, ' 


(e) We know that du = Tds - Pdv 


(IMD. 


Then substitute the Maxwell relation 


(IHia-SHI). 

Now consider / (s, T, v) = 0. Then 

Sim- 

Jill .(*}(*! =^fill =£c5 
UrJ, UrJ v UJr rlapJ, t p 

Obtained by substituting the definition of C,. the Maxwell relation 

em-Ha 


(n 


(C) 
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Substituting Eqn. (G) in Eqn. (F), we get 



(/) We know that du = Tds - Pdv 


f— 1 _ r( ds) pf ) 
U p), ~ [i)p) T ~{dp) T 


Substitute the Maxwell relation 



Then 

ei-di-di 

= -7Vp + Pvk = v (Pk — 7p) 


Example 7.26 

Rework Example 7.25 using the Jacobian method. 
Sollion : 
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dl' c '-' v ' 8 


<«■) 


f&O _ [“•''] _ r[i.v]-f[v.v] 7~[ J - V i 

= MM =c £ 

[r.v][/>.v] •(} 

m (*1 = hll = = Hf£l _ ±Jl 

^ { dp ) T [V.r] [ p.t ] p.t [p.r] 

rf/».vl -pfv.rl 

= ~ [Kr] [P.T] ~ T * + Pai 

(S) =V<,V-7P) 


Example 7.27 

The enthalpy of a pure substance can be expressed as a function of any two 
of the independents variables P, v and T. Therefore, a knowledge of the partial 
derivatives of enthalpy with respect to the independent variables enables one to 
estimate the enthalpy change. Using the method of partial differentials derive 
expressions for determining the following partial derivatives in terms of 
measurable quantities. 


( dh\ ( d/t'l ( dh\ , ( 8/t'\ TS/A 


and(/)| 


Solution : 

(a) We know that dli = Tds * vdP 


M) 



(6) We know that dli = Tds + vdP 


( 3 M -r ^ 

larj, UrJ, WJ, ‘ * 
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(c) From Eqn. (A) we gel 


(dh\ -/ cb ^ 7/^’) 

" 7 lw], 


Obtained by subsuming the Maxwell relation 



[tp 

(</) From Eqn. (A) We get 

( 11 - 111 " 

We know the Maxwell relation 

(11= -(II 
(SMI)" 

/(s .T. v) = 0 . Then 
-I 


Therefore. 

Consider 


f&uaruav'i 

IdrJ.UJ.UJr 


-(ii=(i)m=f(SH 

efinition of C,, are 

Ml 


<fi) 


(O 


Obtained by using the definition of C y and the Maxwell relation 


Substitute Eqn. (O in Eqn. (S) to obtain 

(11 


1 'dh\ „„ 

= c .o + l 


(e) From Eqn. (A) we get 
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(St- -SHU 

Substitute Ihe Maxwell relation ^ j = j to obtain 
(dh\ JdP\ ldP\ 71J I 

UJ, = IdTj/ldri" K " V ’kv 
= ZS_i.i ( 7 p.„ 

1C K tc 

(Obtained by subsisting the definitions of P and K ) 

(/) From Eqn. (A) we get 

(li-SHSt 

Obtained by substituting the Maxwell relation 

(a-(ii 

Now consider f(s.T.P)= 0 

(iigim- 

= (ii) fif'l =££(21) 

UrJ," UrJ,Uir rldvj. 

Obtained by using the definition of C P and the Maxwell relation 

(£!"(£), 

=£z(*L) = ^l 
(arj, rUJ, Tpv 


Therefore, 
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Example 7.28 

Rework Example 7.27 using the Jacobian method. 

Solution . 


(ft) 


f Uli 1 - ibl 7[j.v] + i{P.v] _ P[x.v ] v[P.v] 

l af J, “ [r.v = [r.v = [r.v] * [r.v] 




\ dh) _ [ft.7~] r[j.r]+>{p.r] 

L3pJr° [P.T]~ [P.7] 

= M + V = _ZM + V 

[P.r] [p.r] 

= v-pv7- = v<l-7p) 


(d) 


fdft] [ft.v] = 7[x.v]+v{P.v] 
lapj,"[p.r]~ [P.v 


_ IM +V= IMIZ> 1 +V= c 

" [p.v] [r.v] [p.v 


,M + i^ = Z2_ v _UZP_.i 

[v.r] [v.r] tc Kv k k 


[dft'l 7p- 1 


( 'Hi ] M = r[x.p] +>{p.p] _ r[£. p] 

U'J/ [v.P] = [v.p - [V.P] 


[r.p] [v.p] p,- 


■cel rt 
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Example 7.29 

Derive ihe relations (a) = fj 1 + j and (ft) ^ j = 7“ by the 

method of partial differentials. 

Solution : 

(a) We know (hat ilh = Tds + vdp (/I) 

Divide the above relation with Js holding v constant to obtain 

(si- Hsi-m 

(b) From Eqn. (A) we obtain 

gwa 

Now substitute the Maxwell relation 



Example 7.30 

Rework Example 7.29 using the Jacobian method. 
Solution : 



IM 

M 

[A.v]- 



7|i . v] + v \P . v). Therefore, 


t*.y] n>.v]+4P.*] 

M M 


[f.-l 


[r.v] 


■[*.-] r+ '[r.v][r.v] 


We know that 
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Example 731 

Using the method of partial differentials prove that 



Solution : 

(a) We know that du = Tds - Pdv 


- (ffMsMsMsl 



Obtained by substituting the Maxwell relation 

dm 
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fiil PC ‘ K 

01 UrJ," p t 7p 

[Obtained by substituting the definition of C,. p and k] 

(6) Consider /(.t, u.T) = 0. Then 

ep)M- 

- SHSUH 

We know that du = Tds - Pdv 

- (si-MH-Msi-'-i 

[ Since the Maxwell relation gives [ ^ 1 = f 1 and we know that 
VdvJ r V dT ), 

&P/dT\= p/ic] 

From the result of part (a) we get f | = — ^r— 

(dT), 7p 


M) 

<B) 

(C) 


or 



PC, K 


Substituting Eqns. (C) and (D) in Eqn . (A), we get 


fdr'j _f#* U 7p T r*p T 

U*J„ Ip J/’c.k c, pc, k c. 


(O) 


Example 7 J2 

Rework Example 7.31 using the Jacobian method. 

Solution : 


UrJ, T.s] [T.x] 


rf x.vlr.v]^ 

[T-.s] [P.v] [r.vjp.v] 7P 
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< b ) 


pn .fcsl.kzj. tM-'M , fr- n-fell 

ldj„ [j.«] [u.j] #■(».*] -P[v,t] 



[y.r] t [r.v] [v,/ 1 

[v.i] P [ J. v] T.v 



r ! g,r t 

PC,K c, c, 


Example 7.33 

Prove lhal on a pressure versus volume diagram the slope of a reversible, 
adiabatic process is equal to y times the slope of a reversible isothermal process. 
Solution : 

We know that the ratio of specific heats is given by 

_ C P _ TtiildT)p [t.P] [T.v] 

Y C, nds/arx [r.p][i,v] 


_ [T.p][r.v] fap'i raw') 

[s.v][r.p] UJ.UpJt 



Example 7.34 

Derive an expression to determine the slope of a reversible adiabatic process 
on a temperature versus pressure diagram, in terms of measurable quantities. 
Suppose an ideal gas undergoes a reversible adiabatic process how docs the 
temperature ratio depend on the pressure ratio ? 

Solution : 

The slope of a reversible adiabatic process on a temperature versus pressure 
diagram is given by (3773P ) 1 . 


far - ! _ [r.r] [o] [p.r] [r.vfp.r 

lapj," p.i] _ [p.r [p.j ~ p.t\p,s 
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= M 

c. 

We know lhal for an ideal gas. Pv = RT and p = 1 /T. Then 

= P'T r v Rr <T-i) = (Y-i)r 
UpJ, c f Cp r r y ip 




Example 7.35 

Suppose liquid water at 25“C is isentropically compressed such that its volume 
decreases by 10% . What will be the rise in the temperature of the water. Assume 
that p = 2 x 10- 1 K-", ic= 4.S5 x I0‘‘ MPa’ 1 and. C v = 4.2 kJ / kg K for liquid 
water. 

Solution : 

We would like to know the change in temperature with volume for an 



Therefore, for liquid water 


= _1L = -2xl0~*x298 _ _ 2.9259 x I0 4 K/m' 

l,dv;, xC, (4.85 x IO^x 10"®) x 4.2x10' 

Av = -0.1 x 0.001 002 9 = -1.0029 x lO* 4 
[v,at 25°C = 0.001 002 9 m’/kg for water] 

(fl = (f7),- 2 - 9259xl04K/m) 

or A7 = 2.9259 x 10* x 1.0029 x 10-* = 2.93 K 
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Hence, the temperature rises by 2.93 K 


Example 736 

Derive a relation to estimate the difference between the two specific heats C p 
and C, of a substance and show that it is always positive. Use the method of 
Jacobians. 

Solution : 

We know that C r = TXSsIdT ),, and C,= 7fdj/5T) v . 

From these relations it is obvious that we have to deal with the four variables 
s.T.P and v. The cyclic relation in these variables can be written as 
(s. T] [P. v] + [77 P] [s. v] + [ fi S] f7\ v] = 0 
Divide the above relation with [T. P] [7! v] to obtain 


M[ P ,v] M + [M 

[T.PlT.v] [7>] [T.P] 


= 0 


[,.P] [s.v] [r.riR.v] 

[r.P] [r,v] [r.Pir.v] 



or C p - C = Tv P 2 /tc 

Since K is always positive C, - C, > 0. 


Example 737 

Rework Example 7.36 using the partial differentials method. 
Solution : 

We know that 



M> 


consider s = s(T, v). Then 
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*" (trl^di* 

Dividing the above equation with dT holding P constant, we get 

di-dnasi 

di-dmdi=d).di 


Obtained by substituting the Maxwell relation 



Substituting Eqn. (B) in Eqn. (A), we get 


c,-c. = 


’didH*--’* 1 ' 


Example7J8 

(a) Given that P = 2 xlO" 4 K _l . K = 4.85 xlO" 4 MPa" 1 and v = 0.001 002 9 
m 1 / kg, for liquid water determine the difference in C r and C t for water. 

(/>) Determine the value of C p — C t for an ideal gas. 

Solution : 

(a) We know that C p - C, = 7V0 2 / it 
Therefore, for liquid water, 

298xQ00l0O29x(2xlQ-‘) 2 
r ~ • ~ 4.85 x I0~* x I0" 6 

or Cp-C, = 0.0246 kl/kg K 

(fc) We know that for an ideal gas Pv = RT-. p = UT and K= UP. 


Therefore, 


Cp-C,- 


k T 2 


Example 7.39 

Derive a relation by the method of partial differentials to estimate the Joule - 
Thomson coefficient in terms of measurable quantities. 
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far - ) 

The Joule-Thomson coefficient is defined as /J yT = J 

lies ol 

■(SMii- 


From the definition of it follows that the variables of interest are h, T and 

P. Therefore, consider the relationship /(h. T, P) = 0. 


Then the cyclic relation gives 


(shshsi 

Si- 

enthalpy i 

(SHSl"HSi 

Obtained by substituting thcMaxwel 

(Si- -^i—IW-K'-flO 

Substitute Eqns. (fl) and (D) in Eqn. (A) to obtain 


We know that =C, 

The change in enthalpy is given dh = Tds + vdp 


(A) 

(B) 

(Q 


(D) 


or n„= p-(pr-i) 
'-r 


Example 7.40 

Rework Example7 39 using the Jacobian method. 
Solution : 


The Joule-Thomson coefficient is defined as )i n - 
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or) _ [r./ij _ [<i.r] _ 7tT.r]+ v[p.r] 

op), [#•.*]" [*./•] p.p) 


_ 7tj.r]+i{p.r) _ [..r] '{p.r] 

tIt.p] Is.p] n*.p) 

[v./ 1 ] >{/>T] [v./>l7-./>] >{/».r][r./») 

[s.r] n ,p] M 


or 


t.p\ [v.p] ifp.r] _j_ [v./ 1 ] v 
.T.P] [T.P ] + T\T.P "C, T.P] 7 



U„ = ^T-I) 
L P 


Example 7.41 

Show that iijj. = 0 for an ideal gas at all temperatures and pressures. 
Solution : 


We know that p n = -(7^-1) 

c r 

For an ideal gas: Pv = RT and hence p = l/T. Therefore. 


Hence R /r =0 for an ideal gas. 


Example 7.42 
Prove lhal 



J d*v 


(b) 
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Solution : 
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(a) We know ihat C v - 



Now substitute the Maxwell relation { — ) = ( ^ | to obtain 

UJ r Un, 





Example 7.43 

For a van dcr Waals gas derive an expression for C p - C, 
Solution : 

The van dcr Waals equation of state gives 


RT a 
-b v 2 


3^1 _ RT la Mv-bf-RTv' 
. dvJr (v-£>) 2 v' i r'(v-ft) 2 


(A) 


-’I S’’ 
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.if ^ \ v\v“b) 2 yriv-bf 

‘■lap J r ~ v{2 atv-bf- RTv J 1 " RTv -Mv-bf 


f-1 = — 

UpJ,. v-b 

Consider .he cyclic ml-ion (f 

(aO fav~\ (a/M < dp/dr ), 

Ur Jr Up Jr Ur J. (dP/dv)r 

Substituting Eqns. (A) and (O in Eqn . (D). we gel 


( dv ^ 

larJr"' 


Rl(v-b) Rv'jv-b) 

{2«< v - hr - RTv ) / |v*< y - bf | ~ RTv ’ - 2o( v ■ - bf 

R-if— 1 - Rviv-b) 

‘’Up J r RTv' -2o(v-bf 


We know that C r - C, = TvQr / K. Substituting Eqns. (B) and ( /;). we get 
T>{ Rv 2 (v - h)f[ RTv' - 2a(v - ft) 8 ] 


[r7v’ - 2a(v -bf]\'(v-bf 


TRTx' 

° r Cf, ' C ’“ RTv'-Mv-bf 


Example 7.44 

For a van der Waals gas prove that C, is a function of temperature only. 
Solution : 


(£M01 


For a van der Waals gas 
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Therefore. C r is independent of P and v and is a function of temperature 
only. 


Example 7.45 

For a van dcr Waals gas show that 
(a) du = C'dT + 


(a) Consider u = u(T. v). Then 


We know that du - Tds - Pdv 


I” Obtained by using the Maxwell relation] 



For a van der Waals gas 
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(SHs 

Therefore - {^] T = vh~ p= v 

Substitute Eqn.(fi) in Eqn.(A) to obtain 

du = C t dT + -jdv 
(fc) Consider s = s(T v). Then 


(B) 




Obtained by substituting the definition of C, and the Maxwell relation 

SHU 


We know that for a van der Waals gas 
■b 

Therefore. 

C, 


f-)= — 

V 37" ) v v-i 


s-v „■ (SP) , C. _ Rdv 

di = — r/T + — dv = —dT + - 

T \dT) v T v-h 


Example 7.46 

Show that C r of a gas obeying the Clausius equation of state, given by 
P(v-b) = RT, is independent of pressure. 

Solution : 
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The Clausius equation of state gives P(v- h) = RT or v = 


Then 


(SI-MS1- 


Hence 

Thai is. C r is independent of pressure. 

Example 7.47 

The Euken coefficient ^ is defined as 5 = ^^ j . 

calculate ^ in terms of measurable properties and find its value for an ideal gas. 
Solution : 


Derive an expression to 


We know that 5 = (£). “ [^ = [S] 

7fr.7-Mv.7-] _ 7t*-7-] — PM 

n-M-i " n^) 

■sK) 

For an ideal gas Pv =RT: p = I IT and K = I IP. 
Therefore, i, = “( ~ ) = f^( #>_ ^) = 0 


Example 7.48 


The acoustic velocity V is defined as V = 


where p is the mass density. 


Develop a relation to determine the acoustic velocity. Calculate the value of the 
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acoustic velocity in air (ideal gas with y= 1 .4 and molar mass is 28.97 x lO'-’kg/ 
mol) at 300 K. 

Solution : 

The acoustic velocity Vis defined as 


V 2 = 



Where, p = - and v = specific volume. 


l dv ), KV 


For an ideal gas. K = — .Therefore. 


(dp) [f.s], [f.j] [p.r] [v.r] 

ur [v-rt^RiR 

-mm 

{dv), KV K I K 

.Therefore. 

i — = If KT 

V = VY vP = y y where M =Molar mass 


-ft 


x8.3I4x300 

— — — (— = 347. 1 8 m/s 


Kxamplc 7.49 

Derive relations to determine the slopes of constant pressure process and 
constant volume process on temperature versus entropy diagmm. Determine their 
values for an ideal gas and show that the constant volume line is steeper than the 
constant pressure line. 

Solution : 


Slope of constant pressure line on T-s diagram 
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(a) 


T 


lb) 



Fig-E 7.50 (a) Deisel cycle on P-v daigram (/>) Deisel cycle on T-s diagram. 


Example 7.51 

Consider a single component simple system existing in two phases in a state 
of equilibrium -say liquid and vapor at a specified pressure. If the temperature of 
the system is changed its saturation pressure also changes. Apply the criterion 
for equilibrium and deduce the Clapeyron equation. 

Solution : 

Consider a single component simple system. The phase diagram (pressure 
versus temperature diagram) for such a system is shown in Fig.E 7.5 1 . Along the 
vaporization curve both liquid and vapor phases coexist in equilibrium. Since 
both the phases are existing along the vaporization curve, the system has only 
one degree of freedom. If the pressure of the system is specified, its temperature 
is fixed at the saturation temperature. If the pressure of the system is changed, its 
saturation temperature also changes. If the system is initially in state I at pressure 
P and temperature T, and if the pressure is changed to IP + dP ) its saturation 
temperature changes to (7* + dT). Consider a liquid in state 1/ which is in 
equilibrium with vapor in slate I v. If the temperature is changed from T to I T + 
dT), the system moves along the saturation curve and the liquid reaches the state 
2f while the vapor reaches the state 2v. If the system is in a state of equilibrium at 
constant temperature and pressure, then the criterion for equilibrium is given by 
dg = -sdT * vdP = 0 (at constant T and P). 

Where g is the Gibbs free energy. 

At state I . g lf = g h and at state 2 also g y = g !t . 
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Therefore g v -g„ = g;.-g,,or <fg, = dg, 
or - s / dT + V/ dP = -s f dr + vdP 
or (J. -s t ) dT- (v f - vj) dP 



where ihe subscript sal implies lhal the dcrivalive is along the saturation 
curve. 

We know that the entropy change for phase transition is given by 



Thcrcf0re - UrJ w - nv x -v f ) TV" TAv 
Which is know as the Clapeyron equation. 

Where. h f _ = h g -h l = enthalpy (latent heat ) of vaporization 

v ft = v J -v / = change in volume due to vaporization. 
T = Phase transition temperature. 



Vaporization line 


Fig.E 7.51. Sketch for Example 7.51. 

Example 7.52 

Is the Clapeyron equation applicable to solid-liquid phase transition (fusion) 
as well as to sublimation processes also? Is the slope of the coexistence curve 
always positive ? 
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Solution : 

The Clapeyron equal ion is applicable lo any change of slate. Il is applicable 
for fusion, vaporization and sublimalion processes also. Ah is always positive 
during phase transition (solid -liquid, liquid-vapor and solid -vapor) and hence 
(3 P Id T)^ will be positive or negative depending on whether the phase transition 
is accompanied by expansion (Av > 0) or contraction (Av < 0). For solid-vapor 
und liquid-vapor phase transition (Av > 0) and hence id P 1 3 7) Ial > 0. Thai is an 
increase in pressure increases the boiling point of the liquid and the sublimation 
temperature of a solid. For solid liquid phase transition for some substances 
(especially water, bismuth and antimony) Av < 0. Therefore, if a substance 
contracts on melting, an increase in pressure decreases the melting point. 

Example 7.53 

Deduce the Clausius-Clapeyron equation from (he Clapeyron equation. 

Solution : 

Consider the liquid-vapor phase transition at low pressures. Then the vapor 
phase may be approximated as an ideal gas. More over, the specific volume of 
Ihe liquid is negligible compared to the specific volume of vapor (v ( « v.) and 
hence 

-W'-KT/P. 

The Clapeyron equation gives 

f'SF'i = '■/, _ . y 

Ur A* Tv ft T(RT/P ) RT 2 


dlnP _ l>it 
dT RT 2 

Which is known us the Clausius - Clapeyron equation. 


Example 7.54 

Is it possible to approximate the (saturation) vapor pressure of a substance as 
an exponential function of temperature? Does the Clausius- Clapeyron equation 
suggest such an approximation ? 

Solution : 

The Clausius - Clapeyron equation is given by 


tllnP 

ilT 


x 

Rr 
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If h H is consianl over a small temperature range, the above equation can be 
integrated to obtain 


ln/> 


ZUlL 

RT 


+ constant 


M> 


or 


P = A exp 



where A is a constant. 


Therefore, it is possible to approximate the vapor pressure of a substance as 
an exponential function of temperature. Eqn.(A 1 suggests that a plot of In/ 1 versus 
I / T yields a straight line with a slope of (-h^R). One can use the Clausius 
Clapeyron equation to estimate the enthalpy of vaporization from a knowledge 
of the vapor pressure of the substance. 


Example 7.55 

A domestic pressure cooker is a common kitchen appliance which is usually 
used for cooking meat or pulses which are hard to boil at atmospheric pressure. 
The boiling point of water in the cooker increases because of the pressure 
developed by the steam. The cooker is provided with a lid which can be tightly 
sealed with the help of a gasket or O-ring . In view of the safety in the kitchen, 
the pressure cooker is so designed that it maintains a constant pressure of 2 bar 
while it is in use. Assuming that no other data except that water boils at 100°Cat 
I bar pressure with a latent heal of vaporization of 2256.94 kJ/kg, estimate the 
boiling point of water in the pressure cooker. 

Solution : 

In absence of any other information, one can assume that the latent heat of 
vaporization of water is constant in the pressure range I bar to 2 bar and at these 
pressures the water vapor may be assumed to behave as an ideal gas to determine 
the approximate boiling point of water. With these approximations, the Clausius 
- Clapeyron equation can be used to estimate the saturation temperature of water 
at 2 bar. The Clausius - Clapeyron equation gives 


A 

RT 1 


tIUiP 

<rr 

Integrating the above equation.we gel 

.£= 

P, R 


In ' 


. 2 2256.94x10' x I8xl0 _ 

or In — = 

1 8.314 


[H) 

-(iH) 
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Solution : 

The Clausius • Clapcyron equation is given by 


In 


= 1 ±) 

p, K T, T 2 ) 


1.0133 h„ ( I I 1 
° r 0.3855 8. 3 1 4 \ 348 373 J 
or /i ft =41.71 83 kJ / mol or 23 1 7,68 kj/kg 
From steam tables we find 

h lg (at 75°C) = 2321.46 kJ/kg 
h lf (at I00°C) = 2256.94 kJ/kg. 


Example 7.58 

It is found that at a particular hill station water boils at 95°C. It is known that 
at mean sea level where the pressure is I bar. water boils at I00°C with 
li K = 2256.94 kJ/kg. Assuming that the atmosphere is isothermal at 25°C. estimate 
the altitude of the hill station above the mean sea level. 

Solution : 

Consider a differential element of the atmosphere as shown in Fig.E 7.58. A 
force balance on the differential volume element gives 



Where A = the cross-sectional area of the differential clement 

v = specific volume of air 

For an isothermal atmosphere PV = P 0 v 0 

Then Eqn.(A) can be rewritten as 


gdhP 

Po'o 


(A) 


r p dP_ r gdh 

P l Po'o 


or 
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. P gh 

or ln 7T‘^— w a 


gl,M 


(«> 


Where M = 28.97 x 1 0"' kg/mol. molar mass of air and Ihe subscripl 0 denotes 
conditions at the mean sea level. 

We know that ihe Clausius - Clapeyron equation is given by 

ln L. 

Po R U T ) 

_ 2256.94 x 10' xl8xlQ-V I l_-] 

8.314 1.373 368 J 


Then from Hqn.(B). t 


= -0.178 

:get 


In — = -0.178 = -^ 

Po R^o 


0.178 x 8.314 x 298 

or * = = 1551.78m 


9.81x28.97x10' 
Therefore, the hill station i 


1551.78 m above Ihe mean sea level. 



Fig.E 7.58. Sketch for Example 7.58. 


Example 7.59 

Rework Example 7.58 assuming that the atmosphere is adiabatic, that is the 
relation between P and v of air is given by Pv’= P 0 v 0 r with y = 1 .4 
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Solution : 

A force balance on a differential volume element of the atmosphere gives 


dP=~— [See Example 7.58] 

For an adiabatic atmosphere Pv> =P„vJ 
or ,IP = P u v 0 H-y ‘ dv 

Substituting Eqn.(S) in Eqn.(A). we get 


-Y P„vjv-r-'dv = 


Sdh 



Integrating the above relation, we get 




By applying the Clausius-Clapeyron equation we gel 


In— = -0.178 
Po 

or = 0.8369 
p o 


(A) 

(B) 


(O 


(sec Example 7.58) 
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or 


dh. 




(»,-»/) 


Which is known as Kirchoff relation. 


Example 7.61 

Consider liquid 10 vapor phase iransilion and simplify die Kirchoff relation 
which predicts the effect of temperature on enthalpy of phase transition. 

Solution : 

The Kirchoff relation is given by 



We know that the specific volume of vapor is much larger than that of the 
liquid phase. That is » v ( and hence v f - v f « v.. The coefficient of volume 
expansion of the vapor phase P ( is much larger than the coefficient of volume 
expansion of the liquid phase. That is. P c » Hence v, ji ; » v^. 

Therefore.one can approximate 

-A -«’/«>/ = -A «») 

The vapor phase may be assumed to behave like an ideal gas. Then 

P r = 1/7- (O 

Substituting Eqns. (B) and (O in Eqn. (A), we get 


A, 

JT 


tc — C 1 + ~ — C -C 

"-ft '-n ' + T T ''ft 




Example 7.62 

The enthalpy of vaporization of water at I TOC is 2256.94 kj /kg. Determine 
the enthalpy of vaporization of water at 150"C if the specific heals of liquid and 
vapor at constant pressure are 4.26 kJ/kg K and 1 .388 kJ/kg K. respectively. 

Solution : We know that the Kirchoff relation for liquid - vapor phase 
transition is given by 


df 


or (Vz-<V. = < C„-C^(7- 3 -7- 1 ) 
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or (Vi = <V, + (C fli - C n>(Ti-T,) 

= 2256.94 + ( 1 .388 - 4.26)50 = 2 1 1 3.34 kj/kg. 


Example 7.63 

Consider Ihe solid lo liquid phase transilion and reduce the Kirchoff relation 
so that it can be directly used to estimate the enthalpy of fusion of a pure substance. 
Solution : 

The Kirchoff equation for estimating the enthalpy of phase transition is given 
by 


ilh. 

-£ = (C, - C, 


w h it V'A-^vM 

T v. - v, 


(A) 


Equation (A) is applicable for all phase transitions. For solid-liquid phase 
transition, it can be written as 


d/y 

dT 


V-A-vP.) 

V. -V, 


(«) 


where /y= enthalpy of fusion 

C Pl = specific heat of solid phase 
= specific volume of solid phase 
P ( = coefficient of volume expansion of solid phase 
Eqn. (8) can be rewritten as 


d(fy IT) | (v,P/ -vfi'thg Cpj - C e , 
dT Ttiy-v.) T 


Since solids and liquids are relatively incompressible, it is reasonable to 
approximate v ( = v t and P ( = P,. Then Eqn.(C) reduces to 

d(hjf/T) ^ C n -C P , 
dT ' T 

which is the simplified form of the Kirchoff relation applicable for solid-liquid 
phase transilion. 


Example 7.64. 

Given that the latent heat of fusion of water at 0°C is 333.43 kJ/kg and the 
specific heats of liquid and ice are 4.2 kJ/kg K and 2.1 kJ/kg K. estimate the 
latent heat of fusion of water at -I0“C. 
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Example 8.1 

Describe a Camol power cycle employing a condensable vapor as a working 
medium and mention the drawbacks associated w ith the design of an engine 
based on Camot cycle. 

Solution : 

We know that a Camot cycle consists of only reversible processes and hence 
is an ideal heat engine cycle. The T- s diagram of a Camot power cycle is shown 
in Fig.E 8. 1 . Assume that water is used as a working medium in the power cycle. 
Then wet steam at low temperature T, at state 1 is iseniropically compressed to 
state 2 where it is available at saturated liquid. The saturated liquid al slate 2 
enters a boiler and leaves as saturated vapor at state 3. at a higher temperature 7", . 
Energy addition as heat takes place in the boiler at constant temperature T,. The 
dry saturated steam at slate 3 then undergoes reversible adiabatic expansion in a 
turbine and leaves as wet steam at a lower temperature T, at state 4. Then energy' 
is rejected at constant temperature T } and the steam leaves at stale I , thus 
completing a cycle. The energy addition in the cycle takes place at constant 
temperature and pressure and the working medium undergoes a phase change 
from liquid to vapor. Similarly, lltc energy rejection also takes place at constant 
temperature and pressure. 

The energy addition and rejection as heal at constant temperature is desirable. 
Since these processes arc associated with vaporization and condensation, they 
can be practical. However, the process I - 2 is an iscntropic compression of wet 
steam where both liquid and vapor phases are to be handled by the compressor. 
The design of compressors which handle a two phase mixture is very difficult 
and such a compressor is not practical. Therefore, the process 1-2 is highly 
undesirable from a practical point of view. Similarly, the turbine also has to 
handle a two phase mixture. The presence of water droj Is in Ihe vapor phase 
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erodes the turbine blades and hence the process 3- 4 is also undesirable and 
impractical. 


Moreover the rate at which work is delivered by such a reversible device is 
so low that it is not worthwhile to pursue it. 



Fig.Hg.l. Sketch for Example 8.1. 


(a) Schematic of a Carnot power cycle. 


(6) T s diagram of Carnot power cycle employing condensable vapor as working 
medium. 


Example 8.2 

It is possible to avoid the practical difficulties associated with the turbine 
operation by superheating the steam at constant temperature.as shown in 

Fig.E 8.2. Suppose such a modification is incorporated in the cycle what other 
practical difficulties can be foreseen? 

Solution : 

The energy addition during the process 2-3 takes place at constant temperature 
which is desirable. Moreover, superheated steam at state 3 enters the turbine and 
leaves as dry saturated steam at state 4. Such a modification is desirable because, 
the turbine now handles only vapor phase. However, this modification is 
undesirable and not practical in view of the following reason. It can be observed 
from f-'ig.E 8.2. that the pressure of the steam is continuously decreasing from P i 
to P t during superheating. That is. the steam is expanding doing work.The design 
of boilers which permit the expansion of steam at constant temperature is highly 
complicated and impractical. Hence this modification is not feasible. 
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Fig.E 8-2. Sketch for Example 8.2. 


T- s diagram showing modified Carnot cycle with superheating of steam at constant 

temperature. P f >P t > P , 

Example S3 

Professor Rankine who has made significant contributions to the engineering 
and scientific development modified the Carnot cycle and presented a technically . 
feasible cycle. What are the modifications suggested by Rankine.? Sketch the 
ideal Rankine cycle on a T— s diagram. 

Solution : 

The major difficulty associated with the Carnot cycle is the iscntropic 
compression of the low pressure wet swam to the boiler pressure and the iscntropic 
expansion in the turbine which has to handle a two phase mixture. Rankine 
suggested that instead of compressing the wet steam, the steam can be completely 
condensed into liquid water and the water can be easily compressed to the boiler 
pressure by employing a pump. In addition to this, the steam can be superheated 
at constant pressure instead of at constant temperature which eliminates the 
complexities in the design of the boiler. The Carnot cycle thus modified is 
presented in Fig.E 8.3 which is known as the ideal Rankine cycle. In the Rankine 
cycle, saturated liquid water leaving the condenser at low pressure (state I ) enters 
a pump. The pump compresses the liquid to the boiler pressure (state 2) and 
feeds water to the boiler. In the boiler, constant pressure energy addition takes 
place and superheated steam (state 3) leaves the boiler. The superheated steam, 
then undergoes reversible, adiabatic expansion to a low pressure (state 4). The 
low pressure steam is then completely condensed into liouid water at state I , thus 
completing the cycle. 
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Treat the boiler as the control volume. Then the first law of thermodynamics 
gives 

■?.= *»-*i 

Similarly, application of the Tint law of thermodynamics to the control 
volumes, turbine and condenser give 



Fig.E 8.4. Rankinc cycle on a T-s diagram. 

W T = h ) -h 4 

<l 2 =h 4 -h, 

The working medium water undergoes the cyclic change 12341 
The first law of thermodynamics gives 

f.lq= idW or q,-q 2 = W f - W, 

Net work delivered =W=W T -W f 

Then ri = Wr ~ W, ‘ = <A| ~ *i) _ <?t ~4; 

•ft h\->h h 

The efficiency of a Rankinc cycle is less than the efficiency of a Carnot 
cycle. It can be observed from Fig.E 8.4 that during 2 -2' the temperature is not 
constant. Similarly, during 2"-3 the temperature is continuously changing. Though 
most of the energy is added during 2 -2" where the temperature is constant, all 
the energy added </, is not at constant temperature. The maximum temperature 
in the cycle is at state 3 and energy addition does not lake place at the maximum 
temperature. Hence, the efficiency of a Rankine cycle is less than the efficiency 
of a Carnot cycle working between the same temperature levels. 
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Kxamplc 8.5 

in a thermal power plant, employing ideal Rankinc cycle, superheated steam 
at 20 bar and 400°C is produced in the boiler and the condenser is operated at 0.2 
bar. Calculate the quality of steam at the turbine outlet and (he thermal efficiency 
of the cycle. 

Solution : 

The ideal Rankine cycle is shown on a T-S diagram in Fig.E 8.5. We read 
the following values from the steam tables. 



Fig.E 8.5. Sketch for Example 8.5. 

At P = 20 bar and T=400“C 

A,= 3248.7 kJ/kg ; s, = 7. 1 2% kJ/kg K 
At • P= 0.2 bar 

i> ; = 0.001 017 2 m -'/ kg ; A, = 251.45 kJ/kg 
h f = 2609.9 kJ/kg 
sp 0.8321 kJ/kg K; 

S' = 7.9094 kJ/kg K; 

The lutbine is iscntropic. Therefore. 

i,= j, = 7. 1 296 kJ/kg K 

* 4 * *>* + <■-*>/ 

or 7.12% =7.9094 X t +(l -X 4 ) 0.832 1 
or X 4 = 0.8898 

Hence, the quality of steam at the turbine outlet. X 4 = 0.8898 
A 4 = Xjh' + O - XJ A, 
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= 0.8898 x 2609.9 + (1 - 0.8898) 25 1 .45 = 2350 kJ/kg 

The pump is iscnlropic. Therefore ihe work done on the pump is given by. 

h;= , v a p 

or /i 2 - It, = 0.001 01 7 2 x (20 - 0.2) 10* = 2.01 kJ/kg 
or h 2 = /», + 2.01 = 251 .45 + 2.01 = 253.46 kJ/kg 


. _ . <*.- -*i> 

Thermal efficiency, n = 7 , 

h,-lh 


_ (3248.7 -2350)- 2.01 
3248.7-253.46 


0.299 


Example 8.6 

An ideal Rankine cycle producing 20 MW nel power is equipped with a 
boiler which generates steam at 50 bar and 500“C and a condenser which operates 
at 0. 1 bar. Calculate the energy added in the boiler per kg of water, the thermal 
efficiency of the cycle, the mass flow rate of steam in kg Is and the mass flow rate 
of cooling water in the condenser if the cooling water enters the condenser at 
30“C and leaves at 40"C. 



Rg.E 8.6. Sketch for Example 8.6. 

Solution : 

The ideal Rankine cycle is shown on a T- j diagram in Fig.E 8.6. For steam 
at 50 bar and 500°C: Ji, = 3433.7 kJ/kg; s , = 6.9770 kJ/kg K 
For steam at 0. 1 bar 

v, =0.001 010 2m 3 /kg : A / = 191.83 kJ/kg = h, ; h* = 2584.8 kJ/kg 
s, = 0.6493 kJ/kg K; J. = 8.I5II kJ/kg K 
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Al 30"C: A, = 1 25.66 kJ/kg 

At40*C: h= 167.45 kJ/kg 

We know lhal s, = s 4 = t^C t + ( I - X a ) s f 

6.9770= 8.1511 X 4 + (l -X 4 ) 0.6493 
X 4 = 0.8435 
A.= X 4 6 4 + (l -X 4 )A, 

= 0.8435 x 2584.8 + (I -0,8435) 191.83 
= 2210.3 kJ/kg 

Wc know lhal W r = A, -A, =v ( AP 

= 0.001 010 2 (50 - 0.1) 10 s = 5.04 kJ/kg 
A, = A, + IV = 191 .83 + 5.04 = 196.87 kJ/kg 
Energy added in boiler per kg of water 

q = A, - A 2 = 3433.7 - 1 96.87 = 3236.83 kJ/kg 

. _ . (A* — A 4 )— (A* — A,) 

Thermal efficiency, tl = — — 

A| “A, 


_ (3433.7 — 2210.3)- 5.04 
= 3236.86 

= 0.3764 

Nel work output. = W T - W p = (Aj - A 4 ) - (A 2 - A,) 
= (3433.7 - 2210.3) - 5.04 
= 1218.36 kJ/kg 
Mass flow rate of water. 


m = 


Net Power output _ 20xl(f , 642k 
Net work per kg 1218.36x10’ 


Energy gained by cooling water = A / (40“C) - A / (30"C) 
= 167.45 -125.66 = 41.79 kJ/kg 


Energy rejected in condenser 


= m (A 4 -A,)= 16.42(2210.3- 191.83) 
= 33 143.28 kJ/s 
Mass flow rate of cooling water 

33 143.28 


41.79 


= 793.09 kg Is 
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Example 8.7 

A thermal power plant operating on an ideal Rankine cycle has a mass llow 
rale of 1 0 kg/s through it. Water is fed to the boiler at 50 bar and leaves the 
condenser as saturated liquid at 0.1 bar. The mass flow rate of cooling water 
through the condenser is 500 kg/s. The cooling water enters the condenser at 
30"C and leaves at 40°C. Calculate the temperature at which steam enters the 
turbine, the thermal efficiency of the power plant and the power output of the 
turbine. 

Solution : 

For Water at 30°C, h f = 1 25.66 kJ/kg and 

at 40°C. h= 167.45 kJ/kg 

Energy removed in condenser = 500(167.45 - 125.66) = 20 895 kj Is 



Rg.E 8.7. T- s diagram showing an ideal Rankine cycle. 

Mass flow rate of working fluid = 10 kg / s 
Energy rejected by unit of mass of working fluid 

= 20 895 / 10 = 2089.5 kJ/kg = h,-h, 

(Energy is rejected in the condenser) 

Saturated liquid at 0.1 bar : )i ( = 191.83 kJ/kg = A, 

h f = 2584.8 kJ/kg ; v^= 0.001 010 2m 1 /kg 
s,= 0.6493 kJ/kg K ; s f = 8.151 1 kJ/kg K 
h 4 = h, * lh t -A, )= 191.83 + 2089.5 = 2281.33 kJ/kg 
At state 4,we know h 4 = 2281 .33 kJ/kg and P = 0.1 bar. 
h .= * 4 *, + 0 - X,) h f 
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or 228 1 .33 = 2584.8X 4 + ( I - X 4 ) ! 9 1 .83 
or X 4 = 0.8732 

Therefore. ,t 4 = s t X 4 + ( I - X 4 ) s ( 

= 8. 1 5 1 1 x 0.8732 + ( I - 0.8732) x 0.6493 = 7. 1 999 kJ/kg K 
The lurbine is isemropic. Therefore. 

f,= J 4 = 7. 1 999 kJ/kg K 

Slate 3 is al P = 50 bar and .t = 7.1999 kJ/kg K. 

This corresponds lo a temperature between 500“C and 600 'C. By interpolation, 
wc can find the temperature of steam at state 3. 

7 , 999 = 6.9770,( 2 j ? 7 « |a3 6977 - ° ] A7 - 

or A T= 79.38 K 

or fj= 579.38°C 

t ,.34ft7, t g S » | .?SB (79.38) 

= 3608.97 kJ/kg 

(The value of 6, is obtained by interpolation in between 500"C and 600"C) 
Therefore superheated steam at 50 bar and 579.38"C enters the turbine. 
Work done on pump = h, — h t = v A P 

= 0.001 010 2 (50 - 0.1)10* =5.04 kJ/kg 

Aj= />, +(h 2 -h l ) 

= 191.83 +5.04 =196.87 kJ/kg 

Thermal efficiency. I) = — - — ^ 

"t - ": 

_ (3608, 97 - 2281. 33)-5.04 
3608.97- 196.87 

Power output of the turbine= m (6, - h t ) = 10 (3608.97 - 2281.33)10’ 

= 13.2764 MW 


Example 8.8 

In actual practice, it is impossible lo find pumps and turbines operating under 
isentropic conditions because of inherent irreversibilites. Sketch a practical 
Rankine cycle onT-j diagram. 
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Solution : 

The second law of thermodynamics for a steady state, steady flow process 
gives s r 2 s r If there is any irreversibility in the device s r > s f That is, the 
entropy of the exit fluid is greater than the entropy of the inlet fluid. In a pump, 
the saturated liquid water enters at state I . If the pump is reversible and adiabatic 
it leaves the pump at slate 2' where r r = r r In the actual pump, the fluid leaves 
the pump at state 2 such that s 2 > i,. The practical Rankinc cycle is shown in 
Fig.E 8.8 on a T-s diagram. Similarly the steam leaves an iscntropic turbine in 
state 4’ but in a practical turbine the steam leaves at state 4, such that s t > i 4 . = ,v v 



Fig.E 8.8. Practical Rankinc cycle on T- s daigram. 


Example 8.9 

Develop a relation to estimate the thermal efficiency of a practical Rankinc 
cycle. 

Solution : 

The T-s diagram of a practical Rankine cycle is shown in Fig.E 8.8. Let the 
isentropic efficiencies of the turbine and pump be denoted by q, and q ( , , 
respectively. We know that q, and q,, are defined as 


*»-A. 


Since i\ r and are less than unity, we find 


and 
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and Aj— A ( >h 1 -h l 

Thai is. the outline delivers less work than an iscntropic turbine while the 
pump consumes more work than an iscntropic pump. The thermal efficiency T) of 
a practical Rankinc cycle is given by 

_ net work delivered 
** Energy absorbed 

= (A,-A 4 )-(Ar-A,) 

hf-hj 

We have already noticed that (A, - A, ) < (A, - A 4 .) and (A, - A,) > (A ; . -A,) 
and hence the efficiency of a practical Rankine cycle will be less than that of an 
ideal Rankine cycle. 

Example 8.10 

In a thermal power plant operating on a Rankine cycle, superheated steam at 
50 bar and 500°C enters a turbine, the iscntropic efficiency of which is 0.8. The 
condenser which is operating at 0.05 bar delivers saturated liquid to a feed pump, 
the isentropic efficiency of which is 0.7. Determine the thermal efficiency of the 
power plant and the mass flow rate of steam required for 50 MW net power 
generation. 

Solulitm : 

Refer Fig.E 8.8 for a T-s diagram. 

Steam at 50 bar and 500°C : A, = 3433.7 kJ/kg. *, = 6.9770 kJ/kg K; 

At 0.05 bar : v ; = 0.001 005 2 m'l kg 

h f = 137.77 kJ/kg = A,; 

A,= 2561.6 kJ/kg 
j, = 0.4763 kJ/kg K; 
s t = 8.3960 kJ/kg K: 

If the turbine is isentropic >, = s 4 . = 6.9770 kJ/kg K; 

V* 4 », + (!-*,)*, 
or 6.9770 = 8.3960 X,. ♦ ( I - X 4 .) 0.4763 
or X t . = 0.8208 = Quality of steam leaving isentropic turbine. 

h, = 0.8208 x 2561 .6 + (1 - 0.8208) 1 37.77 
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or (h,-h i ) = 1\ r (/i,-/i 4 .) 

0.8 (3433.7 - 2127.25) = 1045. 1 6 kJ/kg 

Work delivered by Ihe actual turbine = 1045.16 kJ/kg 

For an isentropic pump. 

(Aj - A,) = v A P = 0.001 005 2 (50 - 0.05) 10 5 = 5.02 kJ/kg 


0p= 


kzh. 

A, -A, 


A , h i 5.02 

or (A, - A, )=-*-— L = -rz- =7.17 kJ/kg 
Op 0.7 

Work consumed by the actual pump = A 2 — A, = 7.17 kJ/kg 

*: = A, + (Aj - A,) = 137.77 + 7.17 = 144.94 kJ/kg 
Net work output =1045.16 - 7.17 


= 1037.99 kJ/kg 

_ (A,-<i ) )-(A;-A|) 1045.16— 7.17 

A, -A, _ 3433.7 -144.94 


= 0.3156 


Mass flow rate of steam = 


SOx IQ 6 
1037.99 xIO 1 


= 48.17 kg/s 


Example 8.11 

Suppose the turbine and pumpof Example 8 . 10 are isentropic.Then the power 
plant will be operating on an ideal Rankine cycle. Compare the thermal efficiency 
of the ideal Rankine cycle with the thermal efficiency of the practical Rankine 
cycle. 

Solution : 

For isentropic turbine. (A,- A 4 .) = (3433.7 - 2127.25)= 1306.45 kJ/kg 

For isentropic pump. (A r — A,) = 5.02 kJ/kg (see Example 8,10) 

A r = A, + (Aj.- A, ) = 137.77 + 5.02 = 142.79 kJ/kg 

r| (ideal Rankine cycle) = — — — thl 
h i~ h r 


1 306.45 -5.02 
3433.7-142.79 


= 0.3955 
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or I) (Practical Rankine cycle) = 0.3 1 56 |See Example 8. 1 0] 


Example 8.12 

In a thermal power plant operating on an ideal Rankine cycle, it is desired to 
study the effect of condenser pressure on the thermal efficiency of the power 
plant and on the quality of steam leaving the turbine, when superheated steam at 
50 bar and 500"C is supplied to the turbine. Compare the results if the condenser 
is maintained at I bar, 0.5bar and 0.05bar. 



Fig.E 8. 1 2. 7-1 diagram showing three ideal Rankine cycles with different 
condenser pressures. 

Solution : 

The ideal Rankine cycles with different condenser pressures are shown in 
Fig.E 8.12. The cycle Ia234<;l is with a condenser pressure of Ibar. The cycle 
16234/il corresponds to a condenser pressure of 0.5 bar while the cycle Ic234cl 
corresponds to a condenser pressure of 0.05 bar. It can be immediately observed 
from Fig.E 8.12 that the quality of steam at the turbine outlet decreases with 
decreasing condenser pressure. 

Steam at 50 bar and 500“C; 

h, = 3433.7 kJ/kg; s, = 6.9770 kJ/kg K 

Condenser pressure = I bar 

h, = 417.54 U/kg = h u ; h t = 2675.4 kJ/kg 
j, = 1.3027 kJ/kg K: = 7.3598 kJ/kg K 

v, = 0.001 043 4 m' /kg 
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Jj = 6.9770 = r 4l = X lc s [ * ( I - XJs f 
or 6.9770 = 7.3598 X^ + ( I - ) 1 .3027 

or X^ = 0.9368 

/i*, = 2675.4 x 0.9368 + (1 -0.9368) 417.54 
= 2532.7 kj/kg 

h 2*~ h l. B v A /* - 0.001 04 3 (50 - 1)10' =5.11 kj/kg 
h 2a = *,„+ (6^ -/!,„) = 417.54 + 5.1 1 =422.65 kJ/kg 

(3433.7 - 2532.7)-S.I I 
^ liy lh a 3433.7 - 422.65 

= 0.2975 

Condenser pressure = 0.05 bar 

h,= 340.56 kJ/kg = h lh : h f = 2646 kJ/kg 
s,= 1.0912 kJ/kg K ; s g = 7.5947 kJ/kg K; 
v t = 0.001 030 I m'/kg 

s, = = 6.9770 = 7.5947^ + ( I - X J 1 .09 1 2 

or X„ = 0.905 

= 0.905 x 2646 + ( 1 - 0.905)340.56 = 2426.98 kJ/kg 
h,j, - h, h = 0.001 030 I (50 - 0.5)10' = 5. 1 kj/kg 
hy, = 345.66 kJ/kg 

(/■,-V)-(/h t -6, t ) _. (3433.7 - 2426.98)-5.1 
hy-hy,, 3433.7 - 345.66 

Condenser pressure = 0.05bar 

X^ = 0.8208 (see Example 8.10) 

r) =0.3955 [see Example 8.11] 

A summary of the final results is given below: 


Condenser Pressure 


1 bar 

O.Sbar 

0.05bar 

X 

0.9368 

0.905 

0.8208 

>1 

0.2975 

0.3244 

0.3955 
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Example 8.13 

Why does the efficiency of a Rankine cycle increase with decreasing 
condenser pressure ? 

Solution : 

The energy rejection as heat takes place in the condenser. The exhaust steam 
from the turbine undergoes a phase change at constant temperature and pressure 
in the condenser. As the condenser pressure is decreased, the saturation temperature 
of steam also decreases and hence the energy rejection takes place at lower 
temperature. We know that the efficiency of a power cycle increases by decreasing 
the sink temperature. Therefore, decreasing the condenser pressure increases the 
efficiency of a Rankine cycle. 

Example 8.14 

In a Rankine cycle, instead of condensing the steam, (leaving the turbine), in 
a condenser which requires additional expenditure, is it not possible to feed the 
steam to the boiler and thereby effect some saving in the energy and money ? 

Solution : , 

In a Rankine cycle energy is supplied as heat in the boiler, and some energy 
is rejected in the condenser and some net work is obtained. If the steam is directed 
to the boiler instead of condensing and rejecting energy to the cooling water, the 
working fluid is undergoing a cyclic change while it is interacting with only one 
reservoir and absorbing energy and hence the device becomes a perpetual motion 
machine of the second kind w hich is impossible according to the second law of 
thermodynamics. Thcrefore.il is not possible to get a continuous supply of work 
unless the steam is condensed thereby rejecting energy to a sink. 


Example 8.15 

We know that the efficiency of a Rankine cycle can be increased by decreasing 
condenser pressure. Is there any limit on the lowest pressure at which the condenser 
can be operated 7 What are the disadvantages associated with maintaining low 
pressure in a condenser 7 

Solution : 

The primary objective of the condenser is to reject energy as heat from the 
fluid undergoing cyclic change in the Rankine cycle. For energy to be transferred 
as heat, the temperature of the cooling water has to be lower than the saturation 
temperature of steam at the condenser pressure. Since large quantity of cooling 
water is needed, the easily available river water at ambient temperature which is 
around 20“C to 30”C (depending on the season) is employed in condensers. 
Moreover, the rate of energy transfer depends on the temperature difference 
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between the condensing steam and cooling water. If the condenser is maintained 
at 0.05 bar. the saturation temperature of water at this pressure is 32.9“C which is 
slightly larger than the cooling water temperature. Therefore, the condenser 
pressure cannot be decreased at will to very low pressures, but it is governed by 
the availability of cooling water. 

The specific volume of steam increases as the pressure is reduced. Therefore, 
the size of a condenser and hence the investment increases by decreasing the 
condenser pressure. Moreover, there is a large pressure difference between the 
atmosphere and the condenser, and hence there is every possibility of air leaking 
into the condenser which inturn acts as an insulating blanket on the condenser 
tubes, thus reducing the energy transfer rate. These are the major drawbacks 
associated with maintenance of condensers at low pressure. 


Example 8.16 

In a thermal power plant operating on ideal Rankine cycle, the condenser is 
maintained at 0.05 bar and the steam generator produces steam at 500°C. It is 
desired to study the effect of boiler pressure on the performance of the power 
plant. Calculate the quality of steam at the turbine outlet and the thermal efficiency 
of the cycle if the boiler pressure is 50 bar and 20 bar. 

Solution : 

Two ideal Rankine cycles - one with a boiler pressure of 20 bar and another 
with a boiler pressure of 50 bar are shown in Fig.E 8. 1 6. It is evident from the 
figure that the quality of steam at the turbine outlet-increases with decreasing 
pressure. 



Fig.E 8 1 6. T -i diagram show ing ideal Rankine cycle 1 234 1 with a boiler pressure 
of 20 bar and a Rankine cycle I2 o3o4oI with boiler pressure of 50 bar. 
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Boiler Pressure = 50 bar 


X ^ = 0.8208 [See Example 8.10] 

>1 = 0.3955 [See Example 8.11] 

Boiler Pressure = 20 bar 
Steam at 30 bar and 500°C : 

A, = 3467.3 kJ/kg: j, = 7.4323 kJ/kg K 

Steam at 0.05 bar : 

v,= 0.001 005 2 m 3 / kg; A , = 137.77 kJ/kg = A,: 

A J = 2561.6 kJ/kg; 

x,= 0.4763 kJ/kg K;s,= 8.3960 kJ/kg K 

Work done on pump 

= A,-A, = vAP = O.OOI 005 2(20 - 0.05) IO' = 2kJ/kg 
A 2 = 137.77 + 2= 139.77 kJ/kg 
s,= 7.4323 = s a = s, X 4 + s, (I - X 4 ) 
or 7.4323 = 8.3960 X 4 + (l -X 4 ) 0.4763: or X, = 0.8783 

A 4 = 0.8783 X 2561.6 + (1 -0.8783) 137.77 = 2266.62 kJ/kg 


1 

Summary of Results : 

(/»3 - /i 4 ) - (/»2 — /l, ) 

(3467.3 — 2266.62) - 2 

= 0.3602 

3467.3-139.77 

Boiler Pressure 


20 bar 

50 bar 

X 

0.8783 

0.8208 

n 

0.3602 

0.3955 


The efficiency of the cycle increases with increasing boiler pressure. However, 
the quality of steam at the turbine outlet decreases. 


Example 8.17 

Why does the efficiency of a Rankine cycle increase with increasing boiler 
pressure when the condenser is maintained at constant pressure ? 
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Solution : 

In a Rankine cycle energy addition as heat lakes place in a boiler which is 
held ai constant pressure. We know that an increase in pressure is associated 
with a corresponding increase in the saturation temperature. A major fraction of 
the energy added in the boiler is during phase transition and hence an increase in 
boiler pressure increases the average temperature at which energy is added. We 
know that the efficiency of a heal engine increases with increasing source 
temperature when the sink is held at constant temperature. When tire condenser 
is maintained at constant pressure, the temperature at which energy is rejected is 
held constant. Therefore, the efficiency of a Rankine cycle increases with 
increasing boiler pressure when the condenser is held at constant pressure. 


Example 8.18 

In a thermal power plant operating on an ideal Rankine cycle steam at 50 bar 
enters a turbine. The condenser is maintained at 0.05 bar. It is desired to study 
the effect of superheat of steam on the quality of steam at the turbine outlet and 
the thermal efficiency of the cycle. Calculate the quality of steam leaving the 
turbine and the thermal efficiency of the power plant if the steam is superheated 
to 300"C and 500°C. 

Solution : 

The two ideal Rankine cycles - one using superheated steam at 300°C and 
the other using superheated steam at 500“C are show in Fig.E 8.18. It can be 
immediately observed from the figure that the quality of steam at the turbine exit 
increases with increasing superheat. 



Fig.E 8. 1 8. T- S diagram showing two ideal Rankine cycles operating between the 
same pressure levels. The cycle 12341 uses superheated steam at 300°C while the 
cycle 123a 4al employs superheated steam at 500"C. 
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conditions constant, the sink temperature reduces and hence the efficiency of the 
cycle increases. However, there is a limit on the lowest pressure that can be 
employed in a practical condenser and this limit is dictated by the availability of 
the cooling water. 

The second alternative for increasing the efficiency of the cycle is to increase 
the source temperature while the sink temperature is held constant. This can be 
accomplished in two different ways — that is cither by increasing the boiler 
pressure, which in turn raises the temperature at which energy addition takes 
place, while maintaining the same temperature of the steam leaving the steam 
generator or by maintaining the boiler at same pressure but by increasing the 
temperature at which steam leaves the boiler. Suppose the boiler pressure is 
increased to raise the temperature at which energy addition takes place (see 
Fig.E 8.16). then the steam leaves the turbine with a low quality. That is in the 
low pressure region of the turbine, the moisture content will be high. If the 
moisture content exceeds 10% (or quality is less than 0.9) it causes serious erosion 
of the turbine blades and hence it is undesirable. On the other hand, if the boiler 
is maintained at low pressure and the steam is superheated to high temperature, 
the steam in the low pressure region of the turbine will have high quality and the 
efficiency also increases. However, the metallurgical conditions of the boiler and 
turbine blades dictates that the temperature cannot be increased beyond 600“C, 
which is the maximum normally allowed. 


Example 8.20 

Describe the reheat modification of the Rankine cycle and derive an expression 
to estimate the thermal efficiency of the reheat Rankine cycle. 

Solution : 

The reheat modification of the Rankine cycle is introduced to obtain the 
advantage of increased efficiency by increasing the temperature at which energy 
addition as heat takes place and at the same time to avoid the excessive moisture 
content in the low pressure region of the turbine. In this cycle, (he steam is not 
allowed to expand completely to the condenser pressure in a single stage. After 
partial expansion to an intermediate pressure, the steam is withdrawn from the 
turbine and reheated to the original temperature at constant pressure. Then the 
steam is relumed to the turbine for further expansion to the condenser pressure 
as shown in Fig.E 8.20. The T— s diagram of the reheat cycle is shown in 
Fig.E 8.20 (by The superheated steam leaving the steam generator at slate 3 
(high pressure) enters the high pressure turbine and leaves at some intermediate 
pressure at state 4. This steam is sent to the reheat 7.one of the steam generator 
and heated at constant pressure to state 5 (the temperatures of states 4 and 5 are 
the same). This steam then enters a low pressure turbine and expands to the 
condenser pressure (state 6). The low pressure steam enters a condenser and 



ENGINEERING THERMODYNAMICS THROUGH EXAMPLES 

leaves as saiuraled liquids (state I ) which enters a pump. The pump raises the 
pressure (state2) of the liquid water and feeds the boiler. Usually the pressure 
ratio PJP, is kept in the rage 0.15 to 0.35. 

Consider one kg of steam undergoing the cyclic change. Application of the 
first law of thermodynamics to the control volumes-boilcr and reheat zone gives 
q, = (ft, - A 2 ) + (A s - A 4 ) (Energy is added in two stages) 
Work delivered by the turbine = (A, - A 4 ) + (A, - A 6 ) 

Work done on pump = (A 2 - A,) 

Net work output = (A 3 - A,) + (A, - A 6 ) - (A 3 - A,) 



Fig.E 8.20. in) Schematic of the Rankine cycle with reheat modification (A) T- s 
diagram for reheat Rankine cycle. 


Example 8.21 

In a thermal power plant operating on a reheat cycle steam at 50 bar and 
500°C enters a high pressure turbine and leaves at 10 bar. Then this steam is 
reheated to 500°C before it is fed to a low pressure turbine. The condenser is 
maintained at 0.05 bar. Calculate the thermal efficiency of the power plant, the 
mass flow rate of steam for a net power output of 20 MW and the quality of 
steam at the exit of the low pressure turbine. 
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Solution : 

Refer Fig.E 8.2 1 for Ihe T- s diagram of reheat cycle. 

Steam at 50 bar and 500"C: A,= 3433.7 kJfkg; s, = 6.9770 kJ/kg K 
Steam at 10 bar: Saturation temperature = I79.88°C 

h= 2776.2 kJ/kg; = 6.5862 kJ/kg K 
Steam at 10 bar and 500"C; A, = 3478.3 kJ/kg; r, = 7.7627 kJ/kg K 
Steam at 0.05 bar : v f = 0.001 005 2 m >/ kg; h, = 137.77 kJ/kg = h, 
h t = 2561.6 kJ/kg 

j, = 0.4763 kJ/kg K; s g = 8.396 kJ/kg K; 
h 2 -h, = v A P = 0.001 005 2 (50 - 0.05) 10 5 = 5.02 kJ/kg 
h 2 = h, + v AP = 137.77 + 5.02 = 142.79 kJ/kg 
Sj = 6.9770 = j 4 For the high pressure iscntropic turbine. 

The value of s, = 6.9770 >* (1 Obar) = 6.5862 


hj = 3433.7 kJ/kg 



Fig.E 8.21. Sketch for Example 8.21. 


Hence the exit steam of Ihe high pressure turbine is superheated. Therefore, 
we find the temperature of the steam by interpolating between 200°C and 300“C 
as given below. 

6.9770 = 6.6922 ^ 7 - 12S '-y 922)A7 ' 
or AT = 65.79°C or r 4 = 265.79°C 


A 4 = 


2826.8 + 


(3052.1-2826.8)65.97 

100 


= 2975.43 kJ/kg 
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i, = 7.7627 = i 6 For ihe low pressure isenlropic turbine. 

r„ = V, + <1 - X 6> s i 
or 7.7627 = 8.3960 X 6 + (l -Xj 0,4763 
or X b = 0.92 = Quality of steam leaving the low pressure turbine 

A 6 = 0.92 x 2561.6 + 0.08 x 137.77 = 2367.69 kJ/kg 
Network done = (A, - h t ) + (A, - h t ) - (h 2 - A , ) 

= (3433.7 - 2975.43) + (3478.3 - 2367.69) - 5.02 
= 1 563.86 kJ/kg 
q, = (Aj-Aj) + (A,-A 4 ) 

= (3433.7 - 142.79) + (3478.3 - 2975.43) 

= 3793.78 kJ/kg 


Thermal cfTciency. r\ = 


Net work done 1563.86 


Mass (low rate of steam, m = 


Energy absorbed 3793.78 
20 x I0 6 


1563.86x10' 


= 12.79 kg /s 


Example 8.22 

In a reheat Rankine cycle power plant the turbines produce 100 MW of power. 
Superheated steam at 50 bar and 500“C enters a high pressure turbine and leaves 
at 8 bar. This steam is then reheated to 500°C before it enters a low pressure 
turbine. The condensers arc maintained at 0.05 bar. Calculate the thermal 
efficiency, the energy input in the steam generator, the mass flow rate of steam, 
the power delivered by the high pressure turbine and Ihe mass flow rale of cooling 
water in the condenser if cooling water enters the condenser at 20°C and leaves 
at 30“C 

Solution : 

Refer Fig.E 8.21 for the T-s diagram. 

Steam at 50 bar and 500°C: A, = 3433.7 kJ/kg ; j, = 6.9770 kJ/kg K 

Steam at 8 bar 500°C:A, = 3480.5 kJ/kg ; j, = 7.8678 kJ/kg K 

Steam at 0.05bar: v,= 0.001 005 2 m ’/ kg ; h = 137.77 kJ/kg = A, 

h t = 2561.6 kJ/kg 

s f = 0.4763 kJ/kg K ; s f = 8.3960 kJ/kg K: 

Work done on pump = h 2 - A, = vA P = 0.001 005 2(50 - 0.05) I0 5 
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= 5.02 kj/sg 

A, = A, + (A,- A,) = 137.77 4- 5.02 = 142.79 kJ/kg 
For ihe high pressure lurbinc. we have j, = 6.9770 = s, 
or s 4 = 6.9770 kl/kgK 

This value of s 4 ui 8 bar lies in between 200"C and 300"C. Hence the steam 
leaving the high pressure turbine is superheated. We interpolate the data given in 
steam tables to find the temperature of steam at state 4 as follows. 

6.9770 = 6.8.484 

or 47= 38.62”C or r 4 = 238.62°C. 

A 4 = 2838.6, (3 ° 57 - 3 -;g 8 - 6)38 62 = 292 3 .06 kJ/kg 

For the low pressure turbine, we have j, = 7.8678 = s 6 
s 6 = X b s c +(! -X b )s t 

or 7.8678 = 8.3960 X 6 + (l -X 6 ) 0.4763 or X 6 = 0.9333 

A 6 = 0.9333 x 2561.6 + (I -0.9333)137.77 

= 2399.93 kJ/kg 

(h,-h,)*(l h -h b )-(h 1 -h,) 

Thermal efficency. „ = 

_ ( 3433.7 - 2923.06)4- ( 3480.5 - 2399.93) - 5.02 
(3433.7 - 141 79)4-(3480.5 - 2923.06) 

= 0.4122 

Power output of the turbines = (A,- A 4 ) 4- (A s - A 6 ) 

= (3433.7 - 2923.06) + (3480.5 - 2399.93) 

= 1591.21 kJ/kg 

Mass flow rate of steam, m = l00x l0 ^ _ $2.85 kg / s 

1591.21 x 10* 

Energy input in steam generator = (?, = m[(A, - A 2 ) 4- (A, - A 4 )J 
= 62.85 [ (3433.7 - 1 42.79) 4- (3480.5 - 2913.06)1 x I O’ = 24 1 ,869 MJ / s 
Power delivered by high pressure turbine = «i (A,- A 4 ) 

= 62.85 (3433.7 - 2923.06) x 10' = 32.093 MW 
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A / (20°C) = 83.86 kJ/kg; h f (30°C) = 125.66 kJ/kg 
Energy rejected in the condenser = Q 2 = m(h 6 - A,) 

= 62.85(239.93 - I37.77JI0 3 = 142.1768 MJ / s 

. I42.l768x I0 6 

Mass flow rale of cooling water in condenser = t 

(125.66 - 83.86)10' 

= 3401.36 kJ/s 


Example 8.23 

Rework Example 8.21. if the isentropic efficiency of each turbine is 0.8 and 
the isentropic efficiency of the pump is 0.7. 

Solution : 

The reheat Rankine cycle (I2n34<i56al) with irreversibilities is shown in 
Fig.E 8.23 

We have A, = 3433.7 kJ/kg; 

s, = 6.9770 kJ/kg K A, = 3478.3 kJ/kg; 

s, = 7.7627 kJ/kg K A, = 137.77 kJ/kg: 

Aj= 142.79 kJ/kg A 4 = 2975.43 kJ/kg; 

h 6 = 2367.69 kJ/kg (See Example 8.21] 

. „. . „„ A.-A, 142.79-137.77 

Isentropic efficiency of pump, t), = 0.7 = — * f- = 

"2u ~ 'bo “ "i 

or (A 2o -A 1 ) = 7.l7kJAig. 

Therefore, =144.94 kJ/kg 

Isentropic efficiency of high pressure turbine, tw = ^ 

A,- A 4 


or o.8 = 

3433.7 - 2975.43 

or A, - A^ = 366.62 kJ/kg. 

Therefore. A^ = 3067.08 kJ/kg 


Isentropic efficiency of low pressure turbine. r) r = 
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n y — 2 _2Ui 

or US_ 3478.3 - 2367.69 

or <*,-*&,> = 888.49 kJ/kg. 

Therefore h hi = 2589.81 kJ/kg 

2589.81 kJ/kg > h f at 0.05 bar = 2561.6 kJ/kg. 



Fig.E 8.23 Rchcal Rankine cycle with irriversibi lilies on a T-s diagram. 


Therefore, the steam leaving the low pressure turbine is superheated. 

(Aj -A2„)+(*s-A,.) 


366.62 + 888. 49 - 7. 17 
(3433.7 - 1 44.94) + (3478.3 - 3067.08) 


1247.94 

3699.98 


= 0.3373 


Net work done = (A,-*^) + (6,- *&,) - (hj„~V = 1247.94 kJ/kg 


Mass flow rale of steam, m 


20x IQ 6 
1247.94x10' 


16.03 kg/s 


Example 8.24 

Describe a regenerative Rankine cycle, which employs an open feed water 
heater with the help of a 7"-s diagram and derive a relation to estimate the thermal 
efficiency of the cycle. 
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Fig.E 8.24. (a I Schematic of a regenerative Rankinc cycle (b)T- s diagram of a 
regenerative Rankinc cycle with open feed water healer 


Solution : 

In a Rankine cycle, the average temperature at which energy is added in a 
steam generator can also be increased by preheating the feed water to the steam 
generator. A schematic of the regenerative Rankine cycle is shown in Fig.E 8.24. 
Superheated steam leaving the steam generator enters a turbine at state 5. Part of 
the steam in the turbine is extracted at an intermediate pressure (state 6) and the 
rest of the steam undergoes expansion to the condenser pressure (state 7). The 
steam extracted at state 6 is directly mixed, with the condensate (statel ) which is 
raised to the same intermediate pressure as that of the steam at state 6, in an open 
feed water heater. In an ideal open feed water heater the resultant mixture is 
saturated liquid at state 3. This liquid is raised to the steam generator pressure by 
a pump which feeds it to the steam generator. In this arrangement tile energy 
needed for preheating the feed water is not supplied from an external source but 
it is internally transferred from one stream to the other. 

Now let us consider the open feed water heater shown in Fig.E 8.24 (a). The 
principle of conservation of mass gives 

« 3 + m 6 =m, (A) 

and the principle of conservation of energy gives 

* m t"t, = 

or (m,- rtt 6 ) A, + m b h b = 



<«> 
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or (I - y) h 2 + yh b = A , ( C) 

m 

Where v = — = fraction of ihe steam extracted from the turbine at an 

m, 

intermediate pressure. 

Energy added in steam generator. </, = A, - h, 

Work done by the turbine = ( A, - A t ) + ( I - v) <A 6 - /r 7 ) 

Energy spent on pumps = (/i 4 - A.) + ( I - y) (A, - A,) 

Net work delivered = [(A, - AJ + (I - v)(A 6 - A,)) - [(A 4 - A,) 

+ (l ->')(Aj- A,) 

Energy rejected in the condenser, = ( 1 — y) (A, - A,) 

Thermal efficiency. r| = — — — = l--^= I- - — — — 
q, I/, (Ilf - h t ) 


Example 8.25 

In a thermal power plant operating on a regenerative Rankine cycle 
superheated steam at 50 bar and SOOt enters a turbine. A suitable fraction of the 
steam is withdrawn from the turbine at 1 0 bar and the rest of the steam expands 
to the condenser pressure 0.05 bar. Calculate the thermal efficiency of the steam 
power plant and the mass flow rate of steam if the net power output of the plant 
is 100 MW. 

Solution : 

See Fig.E 8.24 for a T-s diagram of regenerative cycle. 

Steam at 50 bar and 500“C : A, = 3433.7 kj/kg ; a, = 6.9770 kJ/kg K; 

For the turbine i 5 = a 6 = 6.9770 kJ/kg K. 

At 1 0 bar, this value of entropy corresponds to superheated steam at 265.79°C 
and A„ = 2975.43 kJ/kg [see Example 8.21 1 

For the same turbine, wc have j s = s 7 = 6.9770 kJ/kg K 

Steam at 0.05 bar: v = 0.001 005 2 m’ / kg. 

s,= 0.4763 kJ/kg K: J. = 8.3960 kJ/kg K 
A, = 1 37.77 kJ/kg = A,; A, = 2561 .6 kJ/kg 
A, - A, = v A /” = 0.001 005 2(10 - 0.05) 10* = I kJ/kg. 

Therefore. A, = 1 38.77 kJ/kg 
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or 6.9770 = 8.3960 X, + ( I - X,)0.4763 
or X, = 0.8208 

6, = 0.8208 x 2561.6 + (I - 0.8208)137.77 
= 2127.25 kJ/kg 

Sieam at 1 0 bar. v, = 0.001 1 27 4 m 3 / kg; A, = 762.6 1 kJ/kg = A, 

A 4 -A,= vAP = 0.001 1274(50- 10) I0 5 = 4.5I kJ/kg 
h, = A, + (A, - A,) = 762.61 +4.51 -767.12 kJ/kg 
The rraclion of sieam exlracled al the intermediate pressure can be calculated 
from the relation 


or 


(I -y)Aj + )A t = A, 


Ai-A; 762.61 — 138.77 
h* - A, “ 2975.43-138.77 


= 0.2199 


(l-yHA, -ft,) | (1-0.2I99H2I27.25- 137.77) 
(A,-A 4 ) 3433.7-767.12 


Energy absorbed 
Net work done = 0.582 (3433.7 - 767.1 2) 1 0 5 = 1 55 1 .95 kJ/kg 

Mass flow rale of steam, m - — ^ - 64 44 kg / s 


Example 8.26 

Sketch a supercritical Rankine cycle on a T-s diagram and what are the 
advantages of this cycle over the conventional subcritical Rankine cycle ? 

Solution : 

If a Rankine cycle employs a boiler at 50 bar. a major fraction of energy is 
added al the saturation temperature (263.91°C). even though superheated steam 
can be produced at a temperature as high as 600°C which is the maximum 
permissible limit based on the material of construction of the steam generators. 
Usually the required energy is supplied by circulating the hot gases produced by 
burning coal, fuel oil etc. The hot gases so obtained will be at temperature of 900 
- 1 OOCVC and hence a large temperature difference exists between the steam and 
hot gases which introduce irreversibility in the cycle. This irreversibility can be 
reduced by adding energy at a higher temperature. Since the critical temperature 
for water is 374. 1 5°C. the energy addition at a higher temperature level calls for 
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a raise in the steam generator pressure above the critical pressure (221 .2 bar) for 
water. The Rankinc cycle in which the energy addition takes place at a pressure 
greater than the critical pressure is called a supercritical Rankinc cycle. Modem 
thermal power plants operate on a cycle in which the turbine inlet pressure is 
usually in the range 250 to 325 bar. A supercritical Rankinc cycle in which energy 
rejection is at low pressure is shown in Fig.E 8.26(o). It may be noted that there 
is no phase change during the energy addition process 2-3 and die temperature 
of the supercritical fluid continuously change in going from state 2 to state3. 
Since the average temperature at which energy is added is increased in a 
supercritical Rankinc cycle, its efficiency will be higher than the subcritical 
Ran ki ue cycles. The efficiency of supercritical Rankinc cycle can be close to 40 
percent. In fact in a supercritical Rankinc cycle, it is not necessary to operate the 
condensers at low pressure. The energy rejection also can be done at a pressure 
greater than the critical pressure. Such a cycle is usually called a totally 
supercritical Rankinc cycle which is shown in Fig.E 8.26(h). 


3 




(a) U» 

Fig.E 8.26. (a) Supercritical Rankinc cycle in which energy rejection is at subcritical 
pressure I /») Supercritical Rankinc cycle with energy rejection at supercritical pressure. 

Example 8.27 

What are the drawbacks associated with water as a working fluid in a Rankinc 
cycle which is to be designed to achieve higher efficiency? 

Solution : 

Water is used as a working fluid in almost all Rankinc cycles because it is 
easily available in abundance, nontoxic, chemically stable and noncorrosive. 
However, if a higher efficiency is sought in a power cycle, the energy addition 
must hike place at the highest possible temperature. The material of construction 
used in all the steam generators can easily withstand a temperature of 
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approximately 550 - 600“C. However, the critical temperature for water is 374. 1 5“C 
only which is about 200"C less than the maximum allowable temperature of the 
steam generators. In order to raise the average temperature of energy addition 
one has to employ supercritical </* > 221 .2 bar) power cycle which require costly 
piping. Another disadvantage with water is that its saturation pressure at the 
available cooling water temperature is very low which requires the condensers to 
be operated at 0.05 bar. As a result air may leak into the condensers. 


F.xample 8.28 

Explain the principle of binary vapor power cycle and sketch its T-s diagram. 




Fig.E 8.28 (a I Schematic of a binary vapor power cycle. (b)T-s diagram of a binary 
vapor power cycle. 


Solution : 

Abinary vapor power cycle employs two different working fluids like mercury 
and water. The mercury is vaporized at high temperature which is close to the 
maximum permissible limit of a boiler (say 550X7) and then the mercury vapor 
is allowed to expand in a turbine to a low pressure obtaining some work. Then 
the mercury is condensed in a heat exchanger in which it exchanges energy with 
water producing steam and this steam is used in another Rankine cycle. A 
schematic of the binary vapor power cycle is shown in Fig.E 8.28. In this saturated 
mercury at state I is pumped to high pressure (state 2 ) and then it is fed to a 
vapor generator. The saturated vapor at state 3 enters a mercury turbine and 
expands to low pressure (state 4). The low pressure mercury vapor passes through 
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a heal exchanger in which the feed water to a steam power cycle is vaporized at 
approximately 250"C. The condensed mercury at slate 1 enters the pump which 
raises it to the vapor generator pressure, thus completing a cycle. The saturated 
liquid water at state S enters a pump which raises its pressure (stale 6) to that of 
the steam turbine inlet. The liquid water at state 6 passes through the heat 
exchanger and vaporizes (state 7). Then the saturated steam at stale 7 passes 
through the vapor generator for superheating and comes out at state 8. The 
superheated steam at slate 8 is fed to a steam turbine and it expands to the condenser 
pressure (state 9). The low pressure steam is then condensed to saturated liquid 
at state 5. thus completing a cycle. In these power cycles the two fluids do not 
mix with each other. Essentially a binary vapor power cycle is a combination of 
two Rankine cycles. 

Example 8.29 

What is meant by an air-standard cycle and where is it used ? 

Solution : 

Power cycles which employ a gas as a working medium are called gas power 
cycles. In these cycles, the gas does not undergo any phase change. The gas is 
obtained by burning a fuel inside the cylinder of an engine. The composition of 
the working fluid does not remain constant throughout the cycle. In the begining 
the working fluid contains a mixture of fuel vapor and air. But in the subsequent 
processes the working fluid constitutes the combustion products obtained by the 
burning of the fuel. The working fluid does not undergo a cyclic change and it is 
exhausted after some time and a fresh mixture of fuel and air is sucked in. For 
thermodynamic analysis of internal combustion engines, we make the following 
approximations. 

1 . The engine is assumed to operate on a cycle with a fixed mass of air which 
does not undergo any chemical change. 

2. The actual combustion of the fuel is replaced by an equivalent energy 
addition process from an external source. 

3. The exhaust process is replaced by an equivalent energy rejection process 
to surroundings by means of which the working fluid is restored to the 
initial state. 

4. The air is assumed to behave like an ideal gas with constant specific heats. 

The cycles on which these approximations are applicable are called air- 

standard cycles. 

Example 8 JO 

Sketch an air-standard Otto cycle on P- v and T-s diagrams. 
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Sllluliim : 

In 1867 Nikolaus A.Ollo developed a practical four stroke engine which is 
named after him. The Otto engines employ gasoline (petrol) as the fuel. The Otto 
cycle shown in Fig.E 8.30 consists of the following processes : 

0 — 1 : The piston executes an outward stroke and sucks a mixture of fuel 
vapor and air into the cylinder. 

1- 2 : The compression stroke is initiated and the mixture of fuel and air is 
compressed reversibly and adiubatically and at the end of the compression stroke, 
the temperature of the gas will be sufficiently high. 




(a) (6) 

Fig.E 8.30. Air-Standard Otto cycle on (a) P-v diagram (b)T-s diagram 


2- 3 : An electric spark is introduced to ignite the fuel-air mixture. Since 
gasoline at high temperature is highly inflammable, the combustion proceeds 
instantaneously and there is not enough lime for the mechanical motion of the 
piston. Energy is liberated by the spontaneous exothermic chemical reaction and 
the temperature of the gas increases. This spontaneous combustion process is 
conveniently replaced by a constant volume energy addition process in which an 
equivalent amount of energy is added from external source. 

3- 4 : The hot combustion products undergo reversible, adiabatic expansion 
and the piston executes an outward power stroke. 

4- 1 : The exhaust valve of the engine cylinder opens and the spent gases are 
thrown out of the cylinder by reduction in pressure at constant volume. 

1-0 : The cylinder which is still full with the spent gases arc thrown out by 
the piston which executes an inward exhaust stroke at constant pressure. 

There are four strokes namely, suction, compression, expansion and exhaust 
strokes in an Otto cycle. It can be observed from the P- v diagram that the net 
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work of the suction (0-1) and exhaust (1—0) strokes is zero. Hence, for 
thermodynamic analysts we consider the cycle 12341 only and we call it as the 
air-standard Otto cycle. 


Example 8.31 

Develop an expression to estimate the thermal efficiency of an air-standard 
Otto cycle. 

Solution : 

The P- v diagram of an air-standard Otto cycle is shown in Fig.E 8.3 1 . 
Consider a unit mass of air undergoing the cyclic change. The processes I -2 and 
3-4 are adiabatic and hence there is no heat interaction in these processes. Energy 
is absorbed as heat during 2-3 and rejected during the process 4-1 at constant 
volume. Therefore. 

g 2 = u,-u, = C t a 4 -T,) 

Thermal efficiency, n = I - — = 1- 4 - ■— = I - ^5- (A) 

<?i c,.(r,-r 2 ) r,-r 2 

For an ideal gas undergoing reversible adiabalic process 7V* 1 = Constant 



Fig.E 8.31. P-v diagram of air-standard Otto cycle. 




Therefore. 


_± 
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But v\ = v, and v 4 = v,. Hence 


ZL-5. 


li.-h 

t,~t 2 


or 


I±zJ± = LzIl „ T *~ T ‘ T > 

t, t 2 t,-t 2 't 2 


Substituting Eqn. (fl) in Eqn. (A), we gel 


n = 


(B) 


The compression ratio r„ is defined as r„ = — 

1 i 

— -t-fer-ar 

Since y > 1. the efficiency of an Otto engine increases with increasing 
compression ratio. However, in an actual engine the compression ratio cannot be 
increased indefinitely since higher compression ratio results in higher temperature 
of the air after the compression stroke which may result in spontaneous and 
uncontrolled combustion of the fuel in the cylinder. This situation is usually termed 
as knocking. 


Example 8.32 

The compression ratio of an Otto cycle is 8. The pressure and temperature of 
the air at the beginning of the compression stroke arc 1 bar and 300 K, respectively. 
The amount of energy added to the air as a result of combustion is 1 500 kJ/kg air. 
Determine the pressure and temperature of the air at the end of each process of 
the cycle, and the thermal efficiency of the cycle. 

Solution : 

Refer Fig.E 8.31 for P-v diagram of Otto cycle. 

For air (ideal gas), we know that y = 1 .4 
R R 114 

and C. = — = = 20.785 J/mol K 

’ y-l 1.4-1 

= 0.7175 kJ/kg K 

(Molar mass of air= 28.97 x l(T' kg / mol) 
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Wc know that rj=7i^j = 7i(r 0 ) lH 
or r 2 = 300 (8) 0J = 689.22 K 

P 2 = = = p > ( r o) T= l x(8) 14 = 18.379 bar 

9 ,= u,-i | J = C,(T,-r j ) 
or 1500 = 0.7175 (7", - 689.22) or r, = 2779.8IK 

P P 

2-3 is a constant volume process. Therefore. — = — 

T 2 T y 


or P,= P . i = i™i2ZZ211 = 74.,275b a r 

3 T 2 689.22 

We know Ihal T t = T.^j = = 7^-j-J 

( n 0J 

or T a =2779.8 1 I - I =1 209.98 K 

Thermal effiency. Il = * (l) 


Example 8 J3 

Define the Mean Effective Pressure (MEP) of a reciprocating engine. 

Solution : 

The Mean Effective Pressure (MEP) is a useful parameter in the study of 
reciprocating engines. It is defined as the average pressure which, if acted on the 
piston during the power stroke, would produce the same work output as the net 
work delivered for the actual cycle. That is 

IV = \ Pdv = MEP (v, - Vj) 
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or W = Mean effective pressure x displacement volume 


Example 8.34 

Calculate the mean effective pressure for the Otto engine of Example 8.32. 
Solution : 

In Example 8.32. we are given q t = 1500 kJ/kg and 
we have calculated t) = 0.5647 

H = YL or IP = n 9| = 0.5647 x 1500 = 847.05U 

?t 




a V »RT t m RT t 1x8.314x300 

a " P, M P, 28.97 x I0 -3 x 1 x 10 s 

Therefore. V, - V 2 = | V, =0.7534 m J 


=0.861 m 3 


Mean effective pressure. MEP 


W 

v,-v 2 


847.05x10’ 

0.7534 


=11.243 bar 


Example 8.35 

In an air-standard Otto cycle, the conditions of the air at the start of the 
compression stroke are 1 bar and 300 K.The maximum pressure and temperature 
in the cycle are 70 bar and 2500 K. respectively. Calculate the compression ratio, 
the thermal efficiency of the cycle and the net work done per kg air. Take C t of 
air as 0.7175 kJ/kg K. 

Solution : 

Compression ratio r.= — = ^~- 
l 2 

For the constant volume process 2-3 : ^ 

h O 


r =M 

0 T,P, 


Therefore. 
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The maximum pressure and temperature in an Otto cycle correspond to 

state 3. 

Therefore. />, = 70 bar and T, = 2500 K. 


Hence. r 0 


70 x 300 
2500x1 


8.4 


Thermal efficiency, T) = I — I 



0.5731 



300 (8.4)° 4 = 702.8 K 


Energy added as heat q, = «, - «, = C, (T, - T } ) = 0.7 1 75 (2500 - 702.8) 
= 1289.49 kJ/kg 

Net work done. IV = >1 q, = 0.5731 x 1289.49 = 739 kJ/kg 


Example 8.36 

In an air-standard Otto cycle with a compression ratio of 8. the pressure and 
temperature at the end of the compression stroke are 1 5 bar and 750 K. respectively. 
After energy addition as heat the pressure rises to 40 bar. Determine the thermal 
efficiency of the cycle and the network done per kg air. 

Solution : 

Given data : r 0 = 8 ; P, = 15 bar : T 2 = 750 K : P, = 40 bar 
Thermal efficiency. Tl = I = l-j^j =0.5647 


For the constant volume process 2-3: 


p. 40 

r.= r,ii = 750x — = 2000 K 
’ 1 P 2 15 


Energy added as heat, q, = C, (T, - T 2 ) = 0.7 1 75 (2000 - 750) 
= 896.88 kJ/kg 

Net work done, W =T) q, = 0.5647 x 896.88 = 506.47 kJ/kg 


Example 8.37 

An air-scandard Olio cycle delivers a nel work of 600 kJ/kg and ihe maximum 
lemperalure in ihe cycle is found lo be 2200 K. The temperature of Ihe gases al 
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the end of ihe compression stroke is found to be 700 K. Calculate the compression 
ratio of the cycle. 

Solution : 

Given data : W= 600 kj/kg; T, = 2200 K: T, = 700 K; 

Energy added as heal, q, = C, IT, - TJ = 0.7175 (2200 - 700) 

= 1076.25 kJ/kg 
600 


)V 

— • 

<?t 


1076.25 


= 0.5575 


'■‘■(il " a - 


or compression ratio. r Q =7.611 


Example 838 

An air-standard Otto cycle with a compression ratio of 8 and energy addition 
as heat of 1 500 kJ/kg sucks air at I bar and 300 K before the compression stroke. 
Calculate the thermal efficiency of the cycle, the network done, the mean effective 
pressure and the maximum temperature and pressure in the cycle. 

Solution : 

Given data : P, = I bar : T, = 300 K: r 0 = 8; q, = 1 500 kJ/kg 


Thermal efficency. T) = I - 



= 0.5647 


Net work done. W = T) q, = 0.5647 x 1 500 = 847.05 kJ/kg 


-fer- 


= 300 (8) 04 = 689.22 K 


,, = c(r,-r,) 

or 1 500 = 0.7 MS IT,- 689.22) 
or T, = 2779.8 K 

Maximum temperature in the cycle = T, = 2779.8 K 
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t 2 t, * r, r, 

„ I x (8)' 4 x 2779.8 

or P.= — — = 74. 279 bar 

3 689.22 

Maximum Pressure in ihe cycle = 74. 1 279 bar 




nKT, _ RT, 
P. ~ MP, 


„ nRT. mRT. 1x8.314x300 

V. = <■ » L = r = 0.861 m' / kg 

1 /j MP, 28.97x10 3 x lx I0 3 

. W S**' 8 x 847.05x10' 

Mean effective pressure MEP = = 

= 1 1.2434 bar 


Example 8.39 

In an air-slandard Olio engine, Ihe minimum temperature T, is governed by 
Ihe ambient atmosphere and the maximum temperature (7~,) is dictated by the 
material of construction of the piston and cylinder. For fixed values of T, and T y 
determine the compression ratio r 0 for obtaining maximum net work per unit 
mass of air undergoing the cyclic change. 

Solution : 

The net work done. W = q,-q, = C, IT, - T 2 ) - C, ( T t -T ,) 

= C.ir.-Tj)* C,(T,-T 4 ) 



The process 1-2 is isentropic. Therefore, 



Similarly, the process 3-4 is isentropic. Hence 
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or 

or 


Therefore. W = CJ, (l - r 0 M ) + C„ T, ^ 

For obtaining Ihe compression ratio r„ for maximum net work. 


J W 

— = -C„7i(y - l)-b‘ T ' 2 -cj>(\ - iW = 0 


7-,(Y-Dr 0 »- l -r,(Y-l)r^ 



Example 8.40 

Sketch the air-standard Diesel cycle on P- v and T—s diagrams. What is the 
advantage of a Diesel cycle over the Otto cycle ? 

Solution : 

The Diesel cycle was developed by Rudolph Diesel in 1 893. This cycle is 
extensively used and most of the present day transport vehicles like buses, cars, 
trucks and a good number of locomotives are operating on Diesel cycle. Since 
the efficiency of an engine increases with increasing compression ratio, the Diesel 
cycle is developed in which the compression ratio is much higher than in the 
Otto cycle. In this cycle only air is sucked into the cylinder at the start. Then it is 
compressed to a high pressure by using higher compression ratio. At the end of 
the compression, the fuel is injected which undergoes combustion. In this engine 
an electric spark is not used to initiate ignition, but it occurs because of the high 
temperature attained due to compression. The engines which use Diesel cycle 
are also known as compression - ignition engines. The P- v and T- s diagrams 
of Diesel cycle arc shown in Fig.E 8.40. The Diesel cycle consists of the following 
processes. 

0- 1 : Constant Pressure suction during which the piston executes an outward 
stroke and sucks fresh air into the cylinder. 

1- 2 : Reversible-adiabatic compression with higher compression ratio. 
Because of the high compression ratio, the temperature of gas is sufficiently high 
so that when fuel is injected into the hot air it spontaneously undergoes combustion 
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releasing energy as heal. 

2- 3 : The fuel (Diesel oil) is injected inlo Ihe hoi air. The combustion of 
Diesel oil in hot air is not as spontaneous as the combustion of gasoline. Therefore, 
as the combustion proceeds releasing energy in the form of heat, the piston starts 
moving outwards. The combustion process is conveniently approximated as a 
constant-pressure energy addition. 

3- 4 : The hot combustion products undergo reversible, adiabatic expansion 
and the piston executes an outward motion. 

4- 1 : The combustion products arc discharged into the surroundings while 
the volume is held constant and the pressure drops to the original value. 

1-0 : The remaining combustion products arc exhausted at constant pressure 
when the piston executes an inward motion. 



(a) tf>) 


Fig.E 8.40. The P-v and T - 1 diagrams for air-standard Diesel cycle. 

It can be observed from Fig.E 8.40 (a) that the net work done in the processes 
0-1 and 1-0 is equal to zero. Therefore, they can be ignored for the purpose of 
thermodynamic analysis of the cycle. 


Example 8.41 

Drive an expression to estimate the thermal efficiency of an air-standard 
Diesel cycle. 

Solution : 

The P- v diagram of air-standard Diesel cycle is shown in Fig.E 8.4 1 . For 
the analysis of Diesel cycle, we define the compression ratio 




and the Cut-off ratio, r = — 
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Consider a unit mass of air (ideal gas) undergoing the cyclic change. Then 
energy added as heat. </, = C p (T, - T,) 



Fig.E 8.41. P-v diagram of air-standard Diesel cycle. 


Energy rejected as heat q 2 = C, (f 4 - T,) 

Thermal efficiency, r) = I - = I - 1 T ‘ — ^ 

q , c P <r,-r 2 ) y(T,-T 2 ) 

_ , T,(T t IT,-\) 

rrAT s /T 2 - i ) 

1-2 is an isentropic process. Therefore. 



4-1 is a constant volume process. Therefore. 



2-3 is a constant pressure process. Therefore. P } = P, and 
T 2 ^ 


Hence. ^ = 
*1 



1—2 and 3-4 arc reversible, adiabatic processes. Therefore. 


(A) 


(B) 


<o 

(D) 
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Substituting Eqns. IB). (O and (£) in Eqn.(A). we gel 


Then Eqn (D) can be written as 

\T 


(£) 


n= i— 


c'-i 


Example 8.42 

An air-standard Diesel cycle operates with a compression ratio of 16 and a 
cut-off ratio of 2. At the beginning of compression stroke, the air is at 1 bar and 
300 K. Calculate the maximum temperature in the cycle, the energy added as 
heat, the net work done and the thermal efficiency. 

Solution : 


Thermal efficiency R 


., « fezl] 

I6)“*( 2-1 J 


1.4(16)° 


Tj= r,^) - 7i rJ-‘ = 300 (16) 01 = 909.43 K 

assure process. 

.ure in the cycle 
"9, =C,(T,- 

^ = HI 4x 1 4 =20099J/molK 
' ir-i 0.4 


2-3 is a constant pressure process. Therefore. 
i = ^ or r, - rj -3. |=r,r. -909.43x2= 1818.86 K 

T l *2 

Maximum temperature in the cycle = T, = 1818.86 K 
Energy added as heat 9, = C f (Tj - T, ) 
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= 1.00*5 kJ/kgK 

q,= 1.0015 (1818.86- 909.43) = 913.52 kJ/kg 
Net work done. W = t) q, = 0.6138 x 913.52 = 560.72 kJ/kg 


Example 843 

An engine operating on an air-standard Diesel cycle sucks in air at 1 bar and 
300 K and compresses it to 40 bar before fuel injection. If the energy added (per 
cycle) as heat is 600 kJ/kg air. calculate the compression ratio, the cut off ratio, 
thermal efficiency and the work done per kg air. Take C f of air as 1 .0045 kJ/kg 

K. 

Solution : 


We know that 



Compression ratio. r 0 = 


— = 13.942 
v 2 


T,= =7j r 0 T-1 =300 (13.942) 04 = 860.7 K 

Energy absorbed as heat. q t = C p (7\ — T 2 ) 
or 600 =1 .0045 (7\ — 860.7) 
or 7",= 1458.01 K 


Cut-off ratio. r„ = — = 1458 01 = 1 .694 

is Ty 860.7 


Thermal efficiency, i] = 



t I 1.694' * - 1 

~ 1.4(13.942)°'* 0 694 


= 0.60894 


Net work done. W = ri q { = 0.6084 x 600 = 365.04 kJ/kg 


Example 8.44 

An air-standard Diesel cycle with a compression ratio of 16 takes in air at 1 
bar and 300 K. If the maximum temperature in the cycle is 2 1 00 K determine the 
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cut off ralio, thermal efficiency, energy added as heat, net work done per kg air 
and the mean effective pressure. 

Solution : 


Wif*)’ -W' = '00<I6)°' 4 =* 
2100 


Cut-off ratio, r = - 1 = rr = ■ = 2.309 

r v 2 h 909.43 


Thennal efficiency. T) = I - - 


r'-l 


2.309 14 - 1 


^ r ol r r - 1 ) I.4(I6) 04 ^ 2.209 

= 0.5991 

Energy added as heat. </, = C p IT, - T 2 ) = 1.0045 (2100 - 909,43) 

= 1 195.93 kJ/kg 

Ner work done. W= t]q t = 0.599 lx 1 195.93 = 716.48 kJ/kg 
t . nRT, mRT, 1x8.314x300 
l_ P, ~ MP, ~ 28.97 x 10"' X I x 10 s 
= 0.861 m'/kg 


l-^l-vfl 

,_±v 

V,) 

*6 J 


Mean effective pressure. MEP = — - — = IU = 8,8763 bar 

- V', 15x0.861 


Example 8.45 

An air-standard Diesel cycle has a compression ratio of 1 6. It is desired to. > 
study the effect of cut-off ralio on the thermal efficiency of the cycle. Calculate 
the thermal efficiency for cut-off ratio of 1 .5, 2.5 and 4. 

Solution : 

The efficiency of a Diesel cycle is given by 


1 = 


_ r'-l 

Vo’-'U-' 


1.4(16)” 
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= I - 0.2356 



If r, = 1. 5; >1=1- 0.2356 |-y^j= 0.6399 
r = 2.5; rj = I— 0.2356 [ — ■ — I = 0.5906 

l 2-5-' J 

r f = 4;n= I- 0.2356 f^~j=0.53l6 


Note The efficiency of a Diesel cycle decreases with increasing cut-off ratio, for a 
given compression ratio. 


Example 8.46 

An air-standard Diesel cycle has a compression ratio of 18 and a cut-off 
ratio of 2. At the start of the compression stroke, the pressure and temperature 
are I bar and 310 K, respectively. Determine the energy added as heat, the net 
work done and the maximum temperature of the cycle. 

Solution : 


r,= =r,r 0 r -' =3I0(I8)° J = 985.08K 

i-a- r 

h v 2 

or T, = r r Tj = 2 x 985.08= 1970.16 K 

Therefore, maximum temperature of the cycle = 7", = 1970.16 K 
Energy added as heat, q, = C r IT y - T,) 

= 1.0045 (1970.16 - 985.08) = 989.51 kJ/kg 

| frJ-H 

Thermal efficiency. T| = | — — 
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-£?)■ 


1.4(18) 

Nel work done. W=n?i =0.6316 x 989.51 = 624.97 kJ/kg 

Example 8.47 

Show lhai ihe mean effective pressure of an air-standard Diesel cycle is 
given by 


ft («?-»] 

(T-D(ft-l) 


Solution : 

The efficiency of an air-standard Diesel cycle is given by 

, 1 (V- ' 

n=| -^T 

The nel work done. W = q x t\ = C p (7* 3 — 7*,) 


Vo 


■r' I r - I 


we know lhai C„ = 


Y-l 


We know that 7, = 7j (— 1 = T, rj" 1 and ~ = — ~ r c 

7 '2 v 2 

Therefore. W. -^T, r 0 '" (r r - 

We also know thal W = (MEP) (v, - v,) •= (MEP) v, ^1- 

= <MiWi-±]=«*Zi^ 

l ftj 4ft 
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Example 8.53 

Sketch the indicator diagram (or the pressure-displacement diagram) for a 
reciprocating four stroke internal combustion engine and explain the various zones 
in it 

Solution : 

The pressure-displacement (or indicator) diagram for a four stroke internal 
combustion engine is shown in fig.E 8.53. In this engine the piston executes four 
strokes for every two revolutions of the crank shaft. At state I the intake valve 
opens and the piston executes an outward motion (suction stroke) sucking in a 
fresh charge of air and the air reaches state 2. At state 2, the intake valve closes 
and the piston executes the compression stroke 2-3. raising the temperature and 
pressure of the gas. At state 3 combustion of the fuel starts and raises the 
temperature and pressure of the gas and the gas follows the path 3-4-5. At state 

5. the power stroke 5-6 starts and the piston executes an outward stroke. At state 

6. the exhaust valve opens and the combustion products leave the cylinder and 
the gases in the cylinder reach state 7. At state 7. the exhaust stroke 7 - 1 
commences while the exhaust valve is still open and the piston executes an inward 
motion discharging the combustion products from the cylinder. The gases in the 
cylinder reach state 1. thus completing one cycle. 



Fig.E 8.53. Pressure-displacement diagram for a four stroke internal 
combustion engine. 


Example 8.54 

Sketch the air-standard dual cycle on P- v diagram and T- s diagram. 
Solution : 

The indicator diagram shown in Fig.E 8.53 shows that energy addition as 
heat takes place during 3-4-5. The pressure-volume variation in this region 
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clearly indicaies thal in a heal engine all the energy is not added either al constant 
volume or at constant pressure. In the analysis of Otto engine it was assumed that 
the combustion of gasoline is instantaneous and hence the combustion of the fuel 
is approximated as constant volume energy addition. In the analysis of Diesel 
cycle, it was assumed that the combustion takes place slowly and hence it was 
approximated as constant pressure energy addition. In reality the combustion 
process cannot be so fast that it can be approximated as constant-volume process, 
or it cannot be so slow that it can be approximated as constant - pressure process. 
A mote realistic process should closely approximate the actual combustion 
process. This modification leads to the air-standard dual cycle shown in 
Fig.E 8.54. In the dual cycle, the energy addition occurs in two stages. Part of the 
energy is added at constant-volume and rest of the energy is added at constant 
pressure. The remaining processes are similar to Otto or Diesel cycle. Thus a 
dual cycle is a combination of Otto and Diesel cycle. 



Fig.E 8.54. Aii-sl.indard dual cycle on la) P-v diagram and lb)T- s diagram, 
Example 8.55 

Derive an expression to estimate the themial efficiency of an air-standard 
dual cycle. 

Solution : 

Consider the dual cycle shown in Fig.E 8.54. Assuming that I kg of air is 
undergoing the cyclic change, we can estimate the thermal efficiency by 
calculating the energy absorbed and rejected as heat. Then 

i, = c, (r, - r,) + c r a, - r,) 

9 ,= c,(r 5 -7j) 
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Thermal efficiency. 11= I - — = I — ^ — — 

i, c,.(r,-r,)+c,(r 4 -r,) 


Define, compression ralio. r 0 = v,/v 2 
Cul-off ratio. r = — and 

v 3 


Pressure ratio for constant volume combustion. r Fv = 
Then, for the iscntropic process 1—2, we have 




For the constant-pressure process 3-4. we have 
T, v. 

K r ‘ 

For the constant-volume process 2-3, we have 


For the constant-volume process 5-1 . we have 


a.A.a&.AfA) 

T, p, P.P, P,{P,J 


-jtj (Since P y - P t ) 


,5>|5> 
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[ Since v ( = v, Vj = »,] 

Substituting Eqns (B) - (El in Eqn. (A), we gel 


1 = 



•h'f-? 

yr,.(r r -l)+(r f ,-l) 


m 


Example 8.56 

In an air-standard dual cycle with a compression ratio of 15. the minimum 
pressure and temperature are I bar and 300 K. respectively. The maximum 
temperature and pressure are 3000 K and 70 bar. respectively. Determine the 
work done per kg of air. the energy added as heat per kg of air and the thermal 
efficiency of the cycle. 

Solution : 

The P- v diagram of the air-standard dual cycle is shown in Fig.E 8.56. 



Fig.E 8.56. P-v diagram of air-standard dual cycle. 

Given data : P, - I bar. T, = 300 K; r 0 = 15: P, = F, = 70 bar; T a = 3000 K 
Tj= T, r„r-> =300(15)° 4 = 886.25 K 
Pj= P,rJ= I x(15) M = 44.313 bar 
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Energy added as heat.?, = C_ (T, - T,) + C r (T t - T,) 




= -j-j— J [ 1400 - 886.25 + 1.4 (3000 - 1400) ) 
= 5.7237 x I0 4 J / mol = 1975.7 kJ/kg 

2i = ii = ii. 

r, v, vs 

=7i fe x ?J 


Energy rejected as heal. ?, = C r (7, - 7",) = 


/? ( 1 377. 5 — 300) 


7-1 

= 2.2396 x 10* J / mol = 773.07 kJ/kg 
Net work done. W = ?, - ? 2 = 1975.7 - 773.07 = 1202.6 kJ/kg 

Thermal efficiency. I) = — - = ^ = 0.6087 

c/, 1975.7 


Example 8.57 

Calculate the mean effective pressure of the air-standard dual cycle of 
Example 8.56. 

Solurinn : 

In Example 8.56. we obtained 

IV = 1202.6 kJ/kg 
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Mean effective pressure. MEP = - 




1x8.314x300(15-1) 

= \ r = 0.8036 r 

28.97 x 10"' x I x IO 5 x 15 

MEP = -^- g l20 ^ Xl0> . ,4.965 bar 

v,-vj 0.8036 


Example 8.58 

An air-standard dual cycle with a compression ratio of 1 5. has the minimum 
temperature and pressure of 300 K and 0.95 bar, respectively. The cylinder volume 
is 3 litres and 6 kJ of energy is added as heat of which one-third is added at 
constant volume and the rest at constant pressure. Calculate the maximum pressure 
in the cycle, the temperature of the gas before and after the constant pressure 
energy addition, the energy rejected as heat and the thermal efficiency of the 
cycle. For air C,= 0.7 1 75 U /kg K. 

Solution : 

Given data : r 0 = 1 5; 7j = 300 K; P, = 0.95 bar; V, = 3 x 1(7' m>; q, = 6 kJ 
Tj = 7 , r 0 T_, = 300 (IS) 04 = 886.25 K 
P, = P, r 0 ’= 0.95 ( 15)' 4 = 42.097 bar 

_ Wf _ 0 95x10* x3x IQ ’ x 2897 xlQ-> y x ^ 

R7, ~ 8314x300 X g 


mC, (7, - 7,) = - 

or (7,-7,) = — = \ = 842.13 K 

’ 2 mC, 3.31 x 10-' X 0.7 1 75 

or 7, = 842. 13 + 886.25=1728.4 8 

Therefore, temperature of the gas before the constant pressure energy addition 
= 1728.4 K 

mC p (T,-T,)= “ = 4 kJ 
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Of mC.y <7,-7,) = 4kJ 

or 3.31 x IO- J x 0.7175 x 1.4(7,-1728.4)= 4 or 7*, = 2931.4 K 

Therefore, ihe temperature of the gas after the constant pressure energy 
addition = 2931.4 K 


or P,= njj = 4Z097X172&4 . 
Pt T 2 1 2 Tj 886.25 
Maximum pressure = P, = P, = 82.099 bar 




[see Example 8.56] 


Thermal efficiency, ti 


7175(12 

W { Q, { 2.1987 


Energy rejected as heat. Q 7 = mC, (7, - 7,) 

= 3.31 xlO- J x 0.7175 (1225.8 - 300) = 2.1987 kJ 


a a 


Example 8.59 

An air-standard dual cycle has a compression ratio of 16 and a cut-off ratio 
of 1 .5. The minimum pressure and temperature of the cycle are 1 bar and 300 K. 
During the constant-volume energy addition as heat the pressure doubles. 
Calculate the thermal efficiency of the cycle, the energy added as heat per kg of 
air. the network done per kg of air and the mean effective pressure. 

Solution : 

Given data : r„=l6; r, = I J; r„ = 2; P, = I bar; 7, = 300 K 
We know that the thermal efficiency o of a dual cycle is given by 

„=,-- l[ — — 

-d+ok -1) 

[see Example 8.55] 


1 f 2 x(1.S) L4 -1 1 

(I6) a4 [l. 4x2(1. 5-l) + (2-l)J 


0.6525 
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Solution : 

We know lhat the efficiency of an air-slandard dual cycle is given by 


(a) Subsiluie 


n= 


(<b) T ' l | Y*fc. •('■r-D- +(•>.. "I* 


r = I in Eqn. (A) lo obtain 


(A) 


>1 = 




, v -i 

T ip..(l-l)+i>. "I 



which is the same as the efficiency of an air-standard Otto cycle. 
(i>) Substitute r fy = I in Eqn. (A) to obtain 


1= I- 


rl - 1 


<' o > , ~ 1 


Y(r,-1) + (1-I) 



which is the same as the efficiency of an air-standard Diesel cycle. 


Example 8.61 

Sketch the air-standard Brayton cycle on P- v and T- .t diagrams. What are 
the advantages of the Brayton cycle over the conventional heat engine cycles ? 

Solution : 

The Brayton cycle was developed by George Brayton in the 1 870s. Compared 
with the Otto cycle and Diesel cycle, the Brayton cycle operates over small ranges 
of pressures and temperatures. The Brayton cycle essentially uses a compressor, 
a turbine and a combustion chamber. Because of the light weight of the equipment 
it is ideally suited for gas turbines. A schematic arrangement of the units for a 
Brayton cycle is shown in Ftg.E 8.61 (a). Rg.E 8.61 (6) shows the P- v diagram 
and Fig.E 8.61 (c) shows the 7"- s diagram for an air-standard Brayton cycle. 
The Brayton cycle consists of the following processes : 

1- 2 : lscntropic compression of the air. 

2- 3 : Constant pressure energy addition as heat. Usually the hot gases leaving 
the compressor enter a combustion chamber where the fuel oil is injected and 
burned raising the temperature of the gas to a higher value at constant pressure. 

3- 4 : lscntropic expansion of the hot gases in a turbine. Part of the work 
delivered by the turbine is used to operate the compressor. 
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Then, energy added as heal. q t = C p (7j - 7 ; ) 

Energy rejected as heal. q 2 = C p (7 4 - 7 ,) 

Thermal efficiency. 1 ) = I - ^ = I ^ ■■ ~ -- = I - ^ 

<h c,(r,-r 2 ) 7,-7, 


or 


W7j-I) 

r 2 <r, /r, -i) 


For the Brayton cycle, the pressure ratio r p is defined as r p 


.n 

Pi 


1-2 and 3-4 are isentropic processes. Therefore, we get 


M) 



Substituting Eqn. (B) in Eqn. (4 ) we get 


1 = 


l-i = l- 



Thus we find that the efficiency of a Brayton cycle increases with increasing 
pressure ratio r. 


Example 8.63 

In an air-standard Brayton cycle with a pressure ratio of 8, the temperature 
and pressure of the air at the inlet to the compressor are 300 K and I bar, 
respectively. If the maximum allowed temperature in the cycle is 1000 K, 
determine the energy added as heal, the net work done per kg of air and the 
thermal efficiency of the cycle. C P of air is 1 .0045 kJ/kg K. 

Solution : 

Given data : r, = 8; P, = I bar : 7, -300K ; 7, = I000K 
( It' 04 

=T,(r ^ 1 = 300 xW 4 = 543 - 4K 



POWER AND REFRIGERATION CYCLES 


<7, =C, (T 3 - r 2 ) = 1 .0045 ( 1000 - 543.4) = 458.65 kJ/kg 
Therefore energy added as heal . q, - 458.65 kJ/kg 



Net work done. W = T) q t = 0.448 x 458.65 = 205.48 kJ/kg 


Example 8.64 

In a Brayton cycle the ambient conditions limit the minimum temperature T , 
and the metallurgical limit for the turbine blades dictates the maximum 
temperature T y For fixed values of 7j and T, determine the optimum pressure 
ratio r p which gives the maximum work in a Brayton cycle. 

Solution : 

Energy absorbed as heat, q, = C p (7, - 7~ 2 ) 

Energy rejected as heat. q : = C p ( f, - 7j) 

Net work delivered. W=q t -q z = C p (T } -T 2 ) - C p (T, - 7j) 

= C,<r,-7 4 )-C,(T 2 -7j) 

= C r UT,(\-T ) rr y ))-T,iT 2 IT,-\)) (A) 

1-2 and 3-4 arc iscntropic processes. Therefore, 


T-l T-i 

2i = [^ T andi = fAF 

T, [ P.) T, 


BU, fl = £ = " 


Therefore. Eqn. (A) can be written as 



/ \ XzJ ' 

f, ,E! 1 



r >' 

LJ 

r -ij 


The optimum pressure ratio is given by 


dW 

dr P 


,= " c 'KV L ) r '' ) ^ 1 - c ^(v) wT 
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T 

(tA 2 "-" 

UJ 


2«T-0 

or -p- = (»/.) T or r P 


Example 8.6S 

Sketch the air-standard Ericsson cycle on P- v and T- s diagrams and develop 
an expression to estimate the thermal efficiency of the cycle. 

Solution : 

The air-standard Ericsson cycle is shown in Fig.E 8.65. Air at temperature 
r, enters a compressor and undergoes isothermal compression to state 2. while it 
is rejecting energy as heat to a thermal reservoir at T L . Then the air at stale 2 
enters a regenerator and leaves at state 3 while receiving energy as heat. The 
energy received by the gas is C p (T } - T,). Then the gas at state 3 undergoes 
isothermal expansion in a turbine while receiving energy as heat from a thermal 
reservoir at T H and leaves at state 4, which then enters the regenerator. In the 
regenerator it rejects energy as heat to the incoming gas from the compressor. 
The energy rejected as heat is C p lT t - T,). Since T 4 = T, and T { = T„ the energy 
rejected is C p IT A -T l ) = C l JT,-T,) which is the same as the energy received by 
the gas leaving the compressor. There is no additional energy exchange in the 
regenerator. The regenerator receives energy as heat in one part of the cycle and 
the same amount of energy is given to the gas in the other part of the cycle. 

Energy absorbed as heat, q , = = RT H In — 


Energy rejected as heal. q 2 = 


OT t !n — 
* 


Thermal efficiency. >i = I- ^ = I - — t lnv l- v * 
q, RT h In v 4 / v, 

2-3 and 4- 1 are constant-pressure processes. Therefore 


h r, 


or 


T L T„ 


Ll = H 

t l V 1 


and 


H = It or A = -^or *» 

t, r 4 T l T„ T l 


(A) 


(fl) 

(O 
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isothermally compressed to slate 2 while rejecting energy to a thermal reservoir 
at T l . Then the air passes through a constant volume regenerator receiving energy 
C,(Tj - Tj) and reaches state 3. Then the gas undergoes isothermal expansion in 
a turbine which receives energy from a thermal reservoir at T lr The gas leaving 
the turbine passes through the regenerator and rejects energy C x (T i - 7",). The 
thermal efficiency of Stirling cycle is given by T| = I -Tj/T,, 

Example 8.68 

A Stirling cycle uses air and at the beginning of the isothermal expansion the 
air is at 1000 K and 10 bar. The minimum pressure in the cycle is 2 bar and at the 
end of the isothermal compression the volume is 60% of the maximum volume. 
Calculate the t hernial efficiency of the cycle and the mean effective pressure. 

Solution : 

The P- v diagram of the Stirling cycle is shown in Fig.E 8.68. From the 
Fig.E 8.68. we can find that P, = 2 bar. P, = 10 bar 



Fig.E 8.68. H- v diagram of Stirling cycle. 


and v 2 = 0.6v, or v.A 1 , = 0.6. 

For an ideal gas. we know that P* / T = constant. Therefore 


F'V, 

T„ 


10 v. 


^• = 200 


3 = 

T l 1000 

(h) 

UJ 0.6 
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Thermal efficiency, n = I - — = 1 - = 0.6667 

T„ 1000 


Energy absorbed as heal, </, - Wj_, = RT„ In — = RT H In — 

“l vj 


"" fe )- 42 


Nei work done W= i\q l = 0.6667 x 4.247 = 2.8315 kJ / mol 
v, — V 2 = v , ( I - v 2 / V 2 ) = v, ( I - °,6) = °,4 v, = - 4 — 7 ‘ - 


0.4 x 8.314 x 3 33.33 
2x10* 


= 5.5426 x IO- 3 m 3 / mol 


W 2 8315x10 s 

Mean effective pressure, MEP — ■ 7 = 5.1 086 bar 

V|— vj 5.5426 xlO -5 


Example 8.69 

Consider the steady- state operation of a steady flow adiabatic compressor. 
The air (ideal gas) enters the compressor at P t and T, and leaves at P r Derive a 
relation in terms of P r P, and T, to calculate the work done in compressing one 
mol / s of air. 

Solution : 

Application of the first law of thermodynamics for steady-state, steady flow, 
adiabatic compressor gives 


IV 




If m = I mol Is. wc get - IV = h,-h t = C p (T 2 -T,) 

For a reversible-adiabatic compressor, the second law of thermodynamics 
gives 

jj=*iorsj — »,= (> 

For an ideal gas. the change in entropy is given by 
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M- ln R = Rln 5L M R = £| r 

Y-l P, T, UJ 

Therefore. - W s = C r (T, - T, ) = ^ (T ; -T,) = 1 7, - 1) 



Example 8.70 

Consider a two-stage compression wilh intercooling between pressure limits 
P , and P : as shown Fig.E 8.70. The air enters the first stage at P r 7] and leaves 
at an intermediate pressure P. Then the air is cooled at constant pressure to the 
original temperature T v The air is then compressed in the second stage to For 
fixed salues of P r P, and T r determine the optimum value of the intermediate 
pressure P, which will minimize the work input. 



Similarly, the work done on the II stage compressor is given by 
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Example 8.73 

What modifications are made in the Carnot refrigerator in devising a 
technically feasible ideal vapor-compression refrigerator? 

Solution : 

Consider the compressor and the expander (or turbine) as the control volumes 
and apply the first law of thermodynamics to get 

HW/m U., = *,-*, = /«"’ 

The compressor and turbine operate between the same pressure limits. 
However, the compressor operates in the region which is close to the saturated 
vapor line and hence it handles the working fluid which has large specific volume. 
The turbine operates in the region close to the saturated liquid line and handles 
the working fluid which has relatively very low specific volume. Hence, the 
work delivered by the turbine is negligibly smaller than the work spent on the 
compressor. In view of the negligible work output and high cost of the turbine, it 
is replaced by an inexpensive throttle valve in a practical ideal vapor compression 



Fig.E 8.73. T -s diagram of an ideal vapor compression refrigeration cycle 
( 1—2—3—* -II and Cannot refrigerator (I -2-3-4- 1 ). 

refrigeration system. Since throttling is an irreversible process, the entropy of 
the exit fluid is larger than the entropy of the fluid entering the throttle valve. 
That is/ij = and r 4 > s,. The practical vapor-compression refrigeration cycle is 
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shown as 1—2—3 — 4— I in Fig.E 8.73 whereas Ihe Camol refrigeration cycle is 
represented as I -2-3-4’. In a Camot refrigerator, the energy extracted as heat 
Q l from the low temperature body is given by T L (s, - J, ) whereas in the practical 
vapor-compression refrigerator, the energy extracted as heat from the low 
temperature body is T L (j, - r 4 ). Since s, > j 4 , there is a loss in the refrigeration 
capacity. The loss in the refrigeration capacity is T, (J, - j 4 ) which is shown by 
the shaded area in Fig.E 8.73. 

Example 8.74 

Present a schematic of the equipment for vapor compression refrigerator and 
derive a relation to estimate its COP. 

Solution : 

A schematic of the equipment for vapor-compression refrigerator is shown 
in Fig.E 8.74. The ambient atmosphere is usually used as the high temperature 
reservoir to which energy Q H is rejected by passing the working fluid through the 
condenser. The evaporator is the unit in which the working fluid absorbs energy 
Q, and vaporizes partially. If the flow rale of the refrigerant or working fluid 
through the device is m , then 




(a) lb) 

Fig.E 8.74. (a) Schematic of a vapor - compression refrigerator (6) T-s diagram of 
vapor compression refrigerator. 

Energy extracted from the cold body. Q L = m (ft,- h t ) 

Work done on the compressor. W = 
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Since 3-4 is a Ihroliling process, we have h 4 = h y 

Example 8.75 

Whal is meant by a ion of refrigeration? 

Solution : 

The refrigeration capacity of a unit is commonly expressed in tons of 
refrigeration. If a refrigeration unit can convert one ton <2(KX) pound mass) of 
water at 0"C into ice at 0“C in one day, then its capacity is called one ton of 
refrigeration. 

2000 pound mass = ^ ^ = 907 kg 

Enthalpy of fusion of water at 0“C = 333.43 kJ/kg 

„ 907x333.43 , 

Therefore, one ton of refrigerations — 24x60 — = 2l0kJ/min 

In practice energy removal rate of 211 kJ / min is called one ton of 
refrigeration. 


Example 8.76 

In a vapor-compression refrigerator does the refrigerant always leave the 
evaporator as a two phase mixture ? 



(a) (b) 


Ftg.E 8.76. IT-sl diagram of vapor-compression refrigeration cycle if Ihe refrigerant 
leaves the evaporator (<j) as saturated vapor (6) as superheated vapor. 

Solution : 

In the ideal vapor-compression refrigeration cycle, we have shown that the 
refrigerant leaves the evaporator as a two-phase mixture such that upon 
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compression it leaves ihe compressor as saiuraled vapor. This is purely an 
idealization. In an actual vapor-compression refrigerator, the refrigerant may 
leave the evaporator as saturated vapor or as superheated vapor. In such cases, 
the vapor-compression refrigeration cycles appear as shown in Fig.E 8.76. 

Example 8.77 

What are the important factors which govern the choice of a refrigerant ? 

Solution : 

The temperatures of Ihe refrigerant in the evaporator and condenser are 
determined by the temperatures of the cold body and surroundings, respectively. 
This in turn fixes the operating pressures in the evaporator and condenser. 
Therefore, the selection of a substance to be used as a refrigerant is based on the 
pressure-temperature relationship. The pressure at which the refrigerant leaves 
the evaporator should be higher than the atmospheric pressure so that no air leaks 
into the refrigerant. Then, it is also necessary that the boiling point of the refrigerant 
at the evaporator pressure has to be lower than the evaporator temperature. 
Moreover, the saturation temperature of the refrigerant at the condenser pressure 
has to be greater than the surrounding temperature at w hich energy can be rejected 
as heat to the surroundings. This necessitates the use of high pressure in the 
condenser and at this pressure the phase transition from vapor to liquid should be 
feasible. This in turn demands (hat the critical pressure of the refrigerant should 
be high. In addition to this the refrigerant has lo be chemically stable as it undergoes 
several cyclic changes. It should also be non— toxic, non-flammable and should 
not be very expensive. The commonly used refrigerants are halogenated 
hydrocarbons like CCI, F, (dichloro difluoromethane which is known by Ihe 
trade name Freon-12 or Genalron-12), and ammonia. 

Example 8.78 

An ideal vapor-compression refrigerator with Freon- 1 2 as the refrigerant is 
operating between the temperature levels -20°C and 40°C. If the flow rate of the 
refrigerant is 1 .5 kg/min. calculate Ihe COP of the refrigerator, the refrigeration 
capaciiy and the power consumption of the refrigerator 

Solution : 

The T-s diagram of the ideal vapor compression refrigeration cycle is shown 
in Fig.E 8.78. The thermodynamic properties of Freon- 1 2 arc presented in 
Appendix tables 6-8. 

At 40"C: A, = 75. 1 1 34 kJ/kg = It, ; 

/t f = 203.1063 kJ/kg = h 2 
0.6825 kJ/kg K = *j 
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At -20°C: A, =17.9517 kJ/kg ; h K = 178.9017 kJ/kg 

s,= 0.0736 kJ/kg K ; s f = 0.7094 kJ/kg K 
3-4 is a throttling process. Therefore. h a = A, = 75. 1 1 34 kJ/kg 
1-2 is an isenttopic process. Therefore, s, = J, = X,i t +0 - X t )s f 
or 0.6825 = 0.7094 X, + ( I - X, ) 0.0736 or X,= 0.9577 
A, = X,A, + ( l-X,)A, 

= 0.9577 x 178.9017 + (l -0.9577) 17.9517 
= 1 72.09 kJ/kg 


COP 


Cl 

if 


in (A, -A i) _ t'i ~ A, 172 . 09 - 75.1 134 
m (A, - A, ) A, - /., 203. 1063 - 1 72 . 09 ' 31 266 


Refrigeration capacity = {), = m (A, - A,) 

= 1 .5 ( 1 72.09 - 75. 1 1 34) = 145.46 kj / min 


or = 0.6891 Tons of refrigeration 


Power Consumption. = 


W, 

COP 


145.46x10' 
60 x 3.1266 


= 0.7754 kW 



Fig.E 8.78. T -s diagram of ideal Vapor Comprcsssion refrigerator. 


Example 8.79 

An ideal vapor-compression refrigerator with Freon-12 as the refrigerant is 
operating with a condenser pressure of 10 bar and the evaporator pressure is 1 .5 
bar. The condenser is rejecting 100 kJ / min of energy as heat while the evaporator 
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or 3.5 = or Q L = 3.5 W= 3.5 x 10 x 10* = 35 kW 

or {i, = - — — = 9.9526 Tons of refrigeration 

( 21 1 / 60 ) 




_ Th T m IT l 

* T"~T,. Th_ | 

t l 


(COPw» 




3.5 


or I H /T, - 1.2857 

Therefore. (COP) 1Wj ^ = 4.5002 

Heating capacity. Q„ = (COP) Hta ^ x W 

= 4.5002 x 10 x 1 0 5 = 45.002 kW 



Fig.E 8.80. Schematic of the reversed Carnot cycle. 


Example 8.81 

Two identical bodies of mass m having specific heat C are available at 
temperature T r It is desired to operate a refrigerator between the two bodies to 
cool one of them to T,. Determine the minimum amount of work to be done on 
the device and the final temperature of the second body. 
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Solution : 


Minimum amount of work is required only when a reversible refrigerator is 
employed. Then 

< AS U .™=< AS >. + < AS >2 = ° 

where (AS), and (AS), denote the change in the entropy of bodies I and 2, 
respectively. Let T, denote the final temperature of the second body. Then 


mC In 


+ mC ln-^- = 0 
7j 7j 


or T^T t = Tj* or 7" ( = TfTTj 

Work done. W = Q„ - Q, = mC [T / -T l )-mC (f-Tj) 
= mC(T / -2T, + T 1 ) 


= mC\^r-2T, + T 1 -2T,T 1 + T 2 ‘) 


= #(7i -rf 


Example 8.82 

Describe an absorption-refrigeration system. How does it differ from vapor- 
compression refrigeration system ? 

Solution : 

In the vapor - compression refrigeration system, the energy needed for 
compressing the refrigerant from evaporator pressure to condenser pressure is 
supplied in the form of work. This work is convened into enthalpy and then it is 
rejected along with the energy absorbed from the evaporator, as heat to the 
surroundings in a condenser. There will be some saving in the quality of energy 
if the energy needed to operate the refrigerator is supplied in the form of heat 
rather than in the form of work. In the absorption refrigeration system, refrigeration 
is produced mainly by using energy in the form of heal. 

In the absorption refrigeration system, the refrigerant (say ammonia) is usually 
dissolved in water. A schematic diagram of ammonia absorption refrigeration 
system is shown in Fig.E 8.82. A strong liquor of ammonia is boiled in a vapor 
generator producing high pressure NH, vapor, which passes through a condenser 
and liquefies. This liquid ammonia is then throttled to a low pressure producing 
low temperature and this cold ammonia passes through the evaporator absorbing 
energy as heat from the body to be refrigerated and leaves as low pressure ammonia 
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vapor. This low pressure ammonia vapor is absorbed in the weak ammonia liquor, 
which comes from the vapor generator, in an absorber producing strong ammonia 
liquor. Then this strong ammonia liquor is pumped to the vapor generator. 



Example 8.83 

Derive an expression to estimate the approximate COP of an absorption- 
refrigeration system. 

Solution : 

A detailed analysis of absorption-refrigeration system requires a knowledge 
of the thermodynamic properties of a binary mixture as a function of its 
composition. However, the approximate COP of an absorption-refrigeration 
system can be evaluated by considering the unit as a combination of a heat engine 
and heat pump as shown in Fig.E 8.83. 



Fig.E 8.83. Schematic of an absorption refrigeration system viewed 
combination of a heat engine and heat pump. 
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The Brayton power cycle can be operated in the reverse to yield the reverse 
Brayton cycle for refrigeration as shown in Fig.E 8.84. The atmospheric air at 
state I is compressed isentropically to state 2 in a compressor. Then the hot air 
leaving the compressor passes through a heat exchanger where it rejects energy 
as heat to the surrondings at constant pressure and leaves at state 3. Then the air 
at state 3 is allowed to expand isentropically to stale 4 in a turbine. The low 
temperature air at stale 4 then passes through the cooler (or evaporator) where it 
absorbs energy as heat, at constant pressure, from the body to be maintained at 
low temperature and leaves at state I . thus completing a cycle. 



(a) ( b ) 

Fig.E 8.84. (a) Schematic of a gas refrigeration cycle (b) T s diagram of a gas 
refrigeration cycle. 

Work done on the compressor = Cy T, - T,) 

Work delivered by the turbine = CyT, - T 4 ) 

Net work done on the unit = W=C r (T 1 - T,) - C/T^-TJ 

The net work is supplied to the compressor from an external source. 

Energy absorbed at low temperature. Q, = C / ,(T I - T , ) 

Then the coefficient of performance COP is given by 

LzL 

W (T 2 -7j)-(7- 3 -7- 4 ) 


COP 
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Nonreacting Gas Mixtures and Psychrometry 


Example 9.1 

How does one specify Ihe slate of a nonreacling gas mixture and what are the 
ways of specifying its composition? 

Solution : 

The stale of a nonreacting gas mixture is usually specified by two independent 
intensive parameters like pressure and temperature in addition to the composition 
of the mixture. The composition of a nonreacting gas mixture can be specified by 
giving the mass m_ or the moles n, of each constituent gas in the mixture. 
Alternatively, one can describe the composition in terms of mass fractions ijr or 
mole fractions y ( . The mass fraction 0, of a component / in the mixture is given by 


Mass fraction of component /, <5, = -3- = — 
Em, m 

where m = E nr = the total mass of the mixture. 


The mole fraction y, of component i = 3- = — 

En, n 

where n = E n ( = total moles of the mixture. 

The number of moles it, of a component i is given by 


.. = 3 . 

M, 


where M , = molar mass of component i 
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Example 9.2 

Whal is mean! by molar mass of a mixture? Air is a mixture of O,, N,, A, 
CO, and other gases. The composition of air on mole basis is >b ; = 0.2095, 
Vs, = 0.7808; v A = 0.0093; 3to. = 0.0003 and the mole fraction of all other gases 
is 0.0001 . Neglecting the presence of other gases calculate the molar mass of air. 
Solution : 

The molar mass of a mixture is defined as the mass of one mole of a mixture. 
The molar mass Af of a mixture is given by 

^ Mass of mixlurc _ Em, _ EAf,n, _ EAf,n, _ ^ ^ 

Moles of mixture E/t, En, n 

Ignoring the presence of other gases (which account for a mole fraction of 
0 . 0001 ), the molar mass M of air is given by 

M = [0.7808 (28.02) + 0.2095(32.00) + 0.0093 (39.94) + 0.0003 (44.0I)J x 
IO-'= 28.97 x 1 0' 5 kg / mol 

Example 9.3 

The combustion products of a certain hydrocarbon fuel on analysis is found 

to have the molar composition CO, = 8.32%; H 2 0 = 9.98%; N, = 75.05% and 
O, = 6.65% . Determine the molar mass of the gas mixture and the composition in 
terms of mass fraction. 

Solution ; 

The molar mass (Af) of the mixture is given by 

M = Ey, Af, = [0.0832(44.0 1 ) + 0.0998 ( 1 8) + 0.7505 (28.02) + 0.0665(32)] x 
10 -’ = 28.62 x I0-" kg /mol 

Consider 100 mol of mixture. Then the mixture contains 


Component 

Moles 

<n,) 

Molar mass 
Af, X 10 5 
kg /mol 

Mass 
m, = n,Af, 
kg x 10* 

Mass fraction 
= ml E m, 

CO, 

8.32 

44.01 

366.16 

0.1279 

H,0 

9.98 

18 

179.64 

0.0628 

n 2 

75.05 

28.02 

2102.9 

0.7348 

o. 

6.65 

32 

212.9 

0.0735 
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m= Im ( .= 2862xl(T J kg 


♦co, = 


366. 16 X 10"' 


2862x10"' 


Similarly for other components also 6, is calculated as shown in the above 
table. 


Example 9.4 

A mixture of gases has the following analysis on mass basis. 


Component 
Mass % 

co 3 

20 

H.O O, 

10 15 

N, 

35 

H, 

20 

Calculate the composition in terms of mole fractions and the molar mass of 
the mixture. 

Solution : 

Consider 100 kg of mixture as the basis for calculation. Then the mixture 
contains 

Component 

Mass (m ( ) 
(kg) 

Molar mass 

M i x 10 3 

Mole 

n, = m ( /Af, 

(kmol) 

Mole fraction 

y ( = n,/In ( 

CO, 

20 

44 

0.4546 

0.0357 

H.O 

1C 

18 

0.5556 

0.0436 

o. 

15 

32 

0.4688 

0.0368 

N : 

35 

28 

1.2500 

0.0983 


20 

2 

10.0000 

0.7856 


In, = n= 12.729 kmol 

Molar mass of mixture. M = -^ = -p^y^-j^rr = 7.856 x 10 "' kg /mol 


Example 9.5 

Define partial pressure and partial volume of a gas. 
Soluiimt : 
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The partial pressure of a component i in a gas mixture is defined as the pressure 
exerted by the component gas i if it were alone occupying the entire volume of 
the mixture at the mixture temperature. 

The partial volume of component t in a gas mixture is defined as the volume 
occupied by the component gas i if it were held at the mixture pressure and 
temperature. 

Example 9.6 

State the Dalton's law of partial pressures. 

Solution : 

The Dalton's law of partial pressures states that in a mixture of ideal gases, 
the pressure exerted by the gas mixture is equal to the sum of the partial pressures 
of the constituent gases. That is 

P = Zp l where p-= partial pressure of component i 

P = pressure of the gas mixture. 

If the gases are ideal, then we have 

n,RT 
P.= — 

_ _ I n,RT RTLr, nRT „ 

Example 9.7 

Stale the Amagat's law of additive volumes. 

Solution : 

The Amagat's law of additive volumes states that the volume occupied by a 
mixture of ideal gases is equal to the sum of the partial volumes. 

That is V = ll' where V = partial volume of component i 
V = volume of the ideal gas mixture. 
n RT 

We know that V - — — 

' P 

ln,RT RTSn, nRT ^ 

P P P 


Therefore. XV = 
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Therefore. C v . ( He) = jj— = | * : C p (He) = | * 

Cv<N! ,= 7T?^i = l R:C ' ,<Nj) = \ H 

The molar heal capacities of ihe mixture are given by 
C, = Xy, C„ = 0.75 x^« + 0.25 x;*= 1.75 R 

C, = Xy, C p , = 0.75 X | * + 0.25 x | R = 2.75R 
2 75 d 

Therefore, y (Mixture) = C p /C r = = 1.5714 

Example 9.16 

It is known that sonic velocity in a gas medium is given by JiRT t M . A 
mixture of methane (CH 4 ) and ethane (C,H 6 ) flowing through a pipe line is found 
to have a sonic velocity of 400 m / s at 300 K. The molar heat capacities of 
methane and ethane are given by 

C, (CH, )= 36.15 J / mol K; C, (CH 4 ) = 27.84 J / mol K: 

C p (C, H 6 ) = 53. 1 1 J / mol K; C„ (C,H„) = 44.80 J/mol K 
Determine the molar composition of the gas. 

Solution : 

We know that 



or =64.149 (Al 

M 

where M = Molar mass of the gas mixture. 

M= Xy, M, = [I6y + 30 (I -y)]xl0-’ 

= (30 - I4y) x 10-’ kg/mol (8) 

where y = mole fraction of CH, in the mixture. 
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Example 9.19 

Reconsider Example 9.17 and calculate the change in Ihe entropy of the gas 
mixture, methane and air. 

Solution : 

See Example 9. 1 7. we have P , = 24.434 bar. T 2 = 733.03 K ; = 1 bar and 

T, = 300 K. 

For the mixture C p = 29.741 J / mol K; y= 1 .388 
The change in entropy of the mixture is given by 

Jj- j, = C, In (T 2 /T,)-R In (jyp, ) = 29.741 In - 8.314 In ~ — 
= 0 J/mol K 

The change in entropy of methane is given by 

ta-'ilcH. = 36.15 In -8.314 In — p- = 5.7256 J / mol K 

The change in entropy of air is given by 

733.03 24 434 

(s 2 “ J i > * = 29 - 1 ln “555“ - 8.314 In — — = -5.7294 J/mol K 

Example 9.20 

A mixture of CH 4 and C,H 6 with molar composition of 25% CH 4 and 75%. 
C 2 H 6 is compressed in a reversible and adiabatic compressor from I bar and 300 
K to 10 bar. Determine the final temperature of the gas, the change in entropy of 
the mixture, the change in entropy of CH 4 and Ihe change in entropy of C,H„. 
See Example 9. 16 for the molar heat capacities of CH 4 and C, H & . 

Solution : 


you = 0.25; Jt,H, = 0.7S 

C p =Zy, C ri =0.25 x 36.15 + 0.75 x 53. 1 1 = 48.87 J / mol K 
C t = Iy, C„ = 0.25 x 27.84 + 0.75 x 44.80 = 40.56 J / mol K 


Y= 


C r _ 48.87 
C, 40.56 


= 1.2049 


For reversible, adiabatic compression we know that 


T,= 


= r # fAV 
UJ 


or r, = 300 (10) = 443.79 K 
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i Vole 


Final temperature of the gas = 443.79 K. 

h R 433.79 

<•': " = c r I" t, ~ R I" = 48 87 ln 

- 8.314 In ( 10) — 0 J / mo! K 

(»j-l|) aii - 36.15 In - 8.314 In (10) = -4.9888 J / niol K 


(': -*i), 


= 53.11 In 


443.79 

300 


-8.3l4ln(10) = 1 .6522 1 / mol K 


The entropy change of the individual gases is not equal to zero . However, the 
net entropy change, which is given by 

[0.25 x (- 4.9888) + 0.75 ( 1 .6522)) is equal to zero. 


Example 9.21 

A rigid and insulated tank is divided into two compartments. One 
compartment of volume 1 m' contains air (C F = 29.1 J/mol K;C V = 20.786 J/mol 
K) at 300 K and I bar while the second compartment of volume 2 m* contains 
helium ( C r = 20.786 J/mol K: C y = 12.4717 J / mol K) at 100 K and 5 bar. The 
gases are allowed to mix by removing the partition. Determine ( a ) the molar 
composition of the mixture (b) the final temperature and pressure of the mixture 
(<*) the change in entropy of helium and air and (d) the net entropy change. 

Solution : 


(«) 


Ixltfxl 

8.314x300 


= 40.093 mol 


"He = 


5 x IO s x 2 
8.314x1000 


= 120.28 mol 


Thcref0re ' V - " 40.093 + 120.28 = ° 25: = ° 75 

( b ) Since the lank is rigid and insulated, we have Q = 0 and W=0. Therefore, 
(he first law of thermodynamics gives At/ = 0. Let T f = final temperature of the 
gas mixture. Then 

At/ = n m C, * (7) - 300) + n lk C Vik (T t - 1000) = 0 
or 40.093 x 20.786 (7-300) + 120.28 x 12.4717 (7-1000) = 0 or 7,= 750 K 
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^ r , „ ( n m +n Ht)RT/ (40.093 + 1 20.28) x 8. 3 1 4 x 750 

The final pressure P f = - — - = y 

= 3.3334 bar 

(c) Partial pressure of air. = y u P = 0.25 x 3.3334 = 0.83335 bar 
Partial pressure of helium. p„ t = y Hc P = 2.5001 bar 


300 

28. 1 80 U mol K 


Ar Hj = 20.786 In - 8,3 1 4 In = - 0.2 1 7 27 J / mol K 

(rf) Net entropy change AS = n M As^ + n Hc Ar 1(c 
= 40.093 x 28.180+ 1 20.28 x(- 0.2 1 7 27)= 1 . 1 037 kJ / K 


Example 9.22 

A rigid and insulated tank of volume I m' contains helium at I bar and 300 
K. This tank is connected to a line carrying nitrogen at 10 bar and 100 K and the 
nitrogen is allowed to flow into the tank till the tank reaches a pressure of 1 0 bar. 
Calculate 

(a) the final temperature of the gas in the tank 

( b ) the mass of nitrogen that enters the tank, and 

(c) the final molar composition of the gas in the tank 

C p (He ) = 20.786 J / mol K; C„ (He) = 1 2.47 1 7 J / mol K; 

C, (N, ) = 29. 178 J / mol K; C,. (N,) = 20.864 J / mol K; 

Solution : 

(a) A schematic of the conirol-vajume for filling a tank is shown in 
Fig.E 9.22. The first law of thermodynamics for a transient flow process is given 
by 



Ignore KE and PE changes. Q =0 (since the tank is insulated) and H' = 0 (as 
no shaft work is associated). Since no gas is escaping from the tank n t = 0. Then 
the above equation reduces to 
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- h,h,=- 


dE 

dt 



Rigid, insulated 


Fig.E9.22. Schematic of the control volume for Tilling a tank. 


(nc f n N =y,-y 0 </» 

where U 0 = initial internal energy of control-volume 
U = final internal energy of control volume 
n - moles of nitrogen that entered the tank 




n He“ 


P 0 V lx 10 * x I 
RT„ ~ 8.314x300 


= 40.093 mol 


U ~ ("H. C .,v + "N; C «,) 7 ( 


(B) 


T P ' V - 10x10**1 _ 1.2028x10* 

1 ~ (»„_ + n N .)R ” (40.093+ n N . (8.3 14 ~ 40.093 + n N , 

Therefore. Hqns. (fl) and (O give 

(40.093 x 114717 + n N . x 20.864) 1.2028X 10 s 
(40.093 + n Nl ) 
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-W, = m (A, - A, ) 

or -W, = n (A, - A, ) = n C, (7", - 7", ) 

For reversible and adiabatic compression, we know that 



7j» 300 (50)'*" = 996.99 K 


Therefore, work to be done on the compressor. (-H', ) is given by 
-W, = 10 X 27.08 (996.99 - 300) = 1 88.74 kW 


Example 9.24 

What is the importance of gas and condensable vapor mixtures in engineering 
thermodynamics ? 

Solution : 

The combustion products in the cylinder of an internal combustion engine 
contain CO,, CO and H,0 of which water vapor is a condensable vapor at the 
temperatures of interest to an engineer. In the field of air-conditioning an engineer 
deals with a mixture of dry air and water vapor. In chemical process industries 
many of the gas streams contain condensable vapors. Therefore, a study of gas 
and condensable vapor mixtures is essential in the thermodynamic analysis of 
processes. At low pressures, the behavior of condensable vapor may be 
approximated as that of an ideal gas. Hence, the theory of ideal gas mixtures can 
be extended to study the behavior of gas and condensable vapor mixtures. 


Example 9.25 

What is moist air and saturated air ? 

Solution : 

Moist air refers to a mixture of dry air and water vapor in which dry air 
(which is a mixture of constant composition) is treated as if it were a pure 
component. If a mixture of dry air and water vapor behaves like an ideal gas. at 
the temperature T. total pressure P and has n o moles of dry air and n w moles of 
water vapor occupying a volume V, then 

(n' + njRT _nJ!T nJtT m 

v V V yw 
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(temperature = 7*, ) the saturation pressure of water is P M which is greater than/r w . 
By the time the system reaches state 2 (T= T, and /’ = p u ) which is located on 
the saturation curve, the water vapor exists as saturated vapor. At state 2, we find 
that the partial pressure of water vapor in the mixture is equal to the saturation 
pressure at 7\. That is at state 2 we find the fonnation of droplets of water or dew. 
The temperature at state 2 is called the dew point temperature. The condensate is 
available at state 3 at the dew point. 



Fig.E 9.26. T-s diagram showing stales of water vapor in air water-vapor mixture. 


Example 9.27 

Define specific humidity or humidity ratio and relative humidity. 

Solution : 

The composition of a given moist air can be expressed in terms of 

(а) moles of dry air and water vapor 

(б) mole fractions of dry air and water vapor 
(c) masses of dry air and water vapor 

(r/) mass fractions of dry air and water vapor 
(e) specific humidity of humidity ratio (to) 

(/) Relative humidity (01 

The specific humidity or humidity ratio, 01 is defined as the ratio of the mass 
of water vapor to the mass of dty air. That is. 

Humidity ratio (or specific humidity) u) = — 

"a 

This can also be expressed in terms of partial pressure of water vapor p w as 
follows : 
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Mass of dry air. 



3-826 

0.03642 


= 105.05 kg 


Example 9.29 

A 100 kg sample of moisl air with a relative humidity of 0.75 initially at 
40“C and I bar is cooled to 2S"C while the pressure is held constant. Calculate 
tire amount of water that condenses. 

Solution : 

For the air with 6 — 0.75 at 40 X’ and I bar. we have to - 0.036 42 kg H . 0 / kg 
dry air and dew point = 34.67 "C, (see Example 9.28) 

Mass of moisl air = Mass of dry air + Mass of water vapor 
or 100= m iH + m lt| 

We know that to = — or m = — 

m “to 

Therefore. 100 = nt +m, =-^- + m, =m, ( I + — ) 

^ ' to v to J 


or l(J0 ="'"'( , + 5^) 

or m >( = 3.514 kg 

Initial mass of water-vapor. m wl = 3.5 14 kg 

The final temperature of the air = 25 C, C < Dew point = 34.67"C. Therefore, 
some water vapor condenses and at the end. the water-vapor in the mixture exists 
in the saturated slate. In other words, the air at 25°C is saturated. For saturated 
air. the partial pressure of water-vapor in the mixture is equal to the saturation 
pressure. 

Saturation pressure at 25“C = = 0.031 66 bar (from steam tables) 

Therefore. p uJ = P a = 0.03 1 66 bar. 


Then to. = 


0.622 


Es2. = 


0.622 x 0.03166 


P-p.t 100 - 0.03166 

Mass of dry air = 100 -m„, = 100- 3.514 = 96.486 
The mass of dry air remains constant at 96.486 kg. 


= 0.000 1 97 kg H,Q / kg dry air. 



We know that to, 
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or m» 2 = 96.486 x 0.000 197 = 0.019 kg. 

Mass of water condensed =m wl -m li , = 3.514-O.OI9 = 3.495 kg 


Example 9.30 

A gas mixture has the following molar composition; 30% CO,. 40% N,. 
10% Oj and 20% H,0 at I bar and I50”C. If the mixture is cooled at constant 
pressure, determine the temperature at which the water begins to condense. If the 
temperature is reduced by 20°C below the condensation temperature, estimate 
the mass of water which condenses from one kmol of the original mixture. 

Solution : 

Consider I kmol of mixture. Then 


Component 

Mole fraction 

w 

Moles 

(»,) 

Partial pressure 
p, (bar) 

CO, 

0.30 

300 

0.30 

N 3 

0.40 

400 

0.40 

0 2 

0.10 

100 

0.10 

H,0 

0.20 

200 

0.20 


The water starts condensing at the dew point. At the dew point 

P S =P„ = 0.20 bar. 

From steam tables at 0.20 bar. the saturation temperature = 60.086“C. 
Therefore water begins to condense at 60.086"C. 

Final temperature = 60.086 - 20 = 40.086“C 

At 40.086°C; P s = 0.074 1 3 bar (from steam tables) 

The final mixture will be saturated. Hence p wl = P s = 0.074 1 3 bar 
Let n = final moles of water vapor in the mixture. 

The" P,.2= P 'H..o 

Since P is held constant at I bar. y ltj0 = P,i = 0.074 13 

= (300 + 400+ 100 + n) ~ °'° 74 13 
or g0Q " +n = 0.074 1 3 or n = 64.052 mol 
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Mass of water condensed = (initial moles of H,0 - Final moles of H 2 0) X 
Molar mass of H.O = (200 - 64.052) x I8x 10*’ = 2.447 kg. 


Example 9.31 

An auditorium of dimensions 30 m x 50 m x 6 m has moist air with a relative 
humidity of 805E at I bar and 40°C. If the air is cooled at constant pressure to 
25°C. calculate the mass of water that condenses. 

Solution : 

Saturation pressure at 40"C. P sl = 0.073 75 bar 


9 = 


Ps. 


or />„ = 9, 


P s , = 0.8 x 0.073 75 = 0.059 bar 


to, 


= 0.622 P *' = 0 622 X 0 059 = 0.038 999 kg H.O/ kg dry air 

P-P, | 1-0.059 * : 1 


p 

Mole fraction of water vapor. >h.o — ~~ or v,,.,, = 0.038 999 

Volume of air = 30 x 50 x 6 = 9000 m 5 

w , , . PV lx 10 s x 9000 , 

Moles of mixture, n = = = 3.4585 x 10 5 

RT 8.314x313 

Initial moles of water. = n = 3.4585 x 10 5 x 0.038 999= 13 487.8 mol 
Moles of air = 3.4585 x 10'- 1 3 487.8 = 3.3236 x 10' 

Dew point is given by the temperature at which P s = p„ , = 0.059 bar. 
From steam tables we find t = 35.23”C where P s = 0.059 bar. 

Hence dew point = 35.2.VC. 

Since the air is cooled below its dew point, it will exist as saturated air. 
That is, p„j = P s (25"C) = 0.031 66 bar 

Total pressure is held constant at I bar. Hence ( 3V ll0 ),= p H , 2 /P = p w2 


or 


(W = 0.0.3 166 = 


n H4> 

"sir + "HjO 


°it,o 

3.3236xl0 5 +n H!O 


or "ii.o =10 866.6 = moles of water in the final air 

Mass of water condensed = (13487.8- 10 866.6) x 18 x 1 0“' = 47.182 kg 
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Example 9.32 

Whal is an adiabatic saturator and how is it used to measure the specific 
humidity or relative humidity of a moist air ? 



m m . water 


Moist! 


Liquid Water 


Fig.E 9.32. Schematic of adiabatic saturator. 


Solution : 

The specific humidity (or humidity ratio) or relative humidity of a moist air 
can be measured with the help of an adiabatic saturator. An adiabatic 
saturator.shown in Fig.E 9.32. is a device which is insulated and sufficiently long 
so that it provides an intimate contact between the moist air and liquid water 
such that the air leaving the device is saturated. The moist air. the specific humidity 
of which is to be determined, continuously flows into the device at a steady state. 
Liquid water also enters into the device. Inside the device, the moist air and 
liquid water interact for enough time and they reach a state of equilibrium. Then 
the moist air becomes saturated and leaves the device. By measuring the 
temperatures of the entering and leaving air. one can calculate the specif c humidity 
or relative humidity of the entering moist air. 

Consider the device shown in Fig.E 9.32 as the control volume. 

Let 

m u| m ol = mass flow rate of dry air into and out of the device, respectively, 
'".n ~ mass flow rate of water vapor into and out of the device, respectively 

m.j = mass flow rate of liquid water into the device 
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and h Hi refer to the specific enthalpies of water vapor at states I and 3 
and hence, we can use the standard notation h at these states. Now Eqn.(F) can 
be rewritten as 


C,( T, - 7j ) + (■>,(/■„ - h, , ) c P ( r, - r, ) + M, ;,, r , 
h m~ h /i h i,~ h r 


( G ) 


Knowing the values of T, and T, one can calculate to, from Eqn. (G). 


Kxamplc 9.33 

A sample of moist air enters an adiabatic saturator at 40°C and I bar and 
leaves at 30°C and I bar. Determine the specific humidity and relative humidity 
of the sample of moist air. C r of air is 1 .005 kJ/kg K. 

Solution : 

Since the air leaves the adiabatic saturator as saturated air. = I . 



Saturation pressure of water at 30"C = P s} = 0.042 4 1 bar. Therefore. 
/>„, = 0.042 41 bar 


0), 


0.622 p„, 0.622 x 0,04241 
P-p„ , 1-0.042 41 


= 0.0275 kg H,0 kg dry air 


From steam tables we read the following data 
h p = 125.66 kJ / kg; h f , = 2556.4 kJ / kg. A., = 2574.4 kj / kg. 
h /ti = h f , - A„ = 2556.4 - 1 25.66 = 2430.74 kJ / kg 
The specific humidity ( 0 , is given by 


Cp(T, - 7j ) 4-0),/!,'.! | 005(-IQ)-f 0,0275 x 2430.74 

2574.4-125.66 


= 0.0232 kg H,0 / kg dry air 
We can calculate p n , from a knowledge of 0), as 


“/ = 


0 622 P-l 
P-P . , 


0 622 P., 
I-P.i 


or 0.0232 = 


or />„, =0.035 958 bar 
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or m _ C f (T i -T l )+<a i {h rJ -h ll ) 

' (*, I -*/2> 

If ihe liquid water enters the adiabatic saturator at 7‘, which is different from 
Tj then (h g} -hp) * h ftV The difference inTL j and (h. - hp) is usually small and 
it is multiplied by (Oj which is also a small quality, resulting in a very little variation 
in the value of the numerator of Eqn. (A). 

Similarly in the denominator h n will be different from h. resulting in a small 
variation of the denominator. The calculated value of to, will at the best differ by 
1% only. 


Example 9.37 

Rework Example. 9.33, assuming that liquid water enters the adiabatic 
saturator at 35°C instead of at 30°C and compare the value of to, with that 
calculated in Example 9.33 
Solution : 

We found. to 3 = 0.0275 kg H,0 / kg dry air [Sec Example 9.33] 

If T 2 is different from T y the specific humidity CO, is given by 

C,(7;,-r|)+ m , 


At 40°C: h gl =2574.4 kJ / kg 
At 30°C:/r t ,= 2556.4 kJ / kg 
At 35°C:h /! = 146.56 kJ/ kg. 
Then, 


to, 


l.00S(-IQ)-f 0.0275(2556.4- 146.56) 
(2574.4-146.56) 


0.0232 kg H,0 / kg dry air 


Which is same as to, calculated in Example 9.33. 


Note For all practical purposes, the adiabatic saturation temperature of air water- 

vapor mixture is independent of the make-up water temperature and depends on 
the humidity ratio and temperature of the moist air. 


Example 9.38 

What is meant by dry bulb temperature and wet bulb temperature ? Describe 
a sling psychrometer. 
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Solution : 

The wel-bulb temperature is equal to the adiabatic saturation temperature. 
Therefore, we have r, = 45"C; r 3 = 30°C. 

At 45°C : h', = 2583-3 kJ / kg ; P s , = 0.095 82 bar 

At 30“C: /i„ = 125.66 kJ/ kg: h., = 2556.4 kJ / kg ; = 0,042 4 1 bar 

At wet-bulb temperature, air is saturated. 


Therefore. = I = — ^ or p. = P u = 0.042 4 1 bar 
p si 

Then, to, = = 0.0275 kg H,0 / kg dry air 


CpiTj - T, ) * to, I.0Q5(-1 5) + 0.0275(2556.4 -125.66) 


h.,-h, 


to, = 0.021 1 kg H,0/ kg dry air 


2583.3-125.66 


m ( =2^ or 0.021, = °^i 

P-P.i 1-P»t 


p„, = 0.032 81 bar 


£± = 


0.03281 


= 0.3424 


1 p s | 0.09582' 

Therefore, humidity ratio, to, = 0.02 II kg H,0 / kg dry t 
Relative humidity. «. = 0.3424 


Example 9.40 

What is a psychromelric chart and what information does is provide 7 
Solution : 

The properties of moist air can be evaluated by making use of the adiabatic 
saturation relation. In the field of air-conditioning an engineer has to solve the 
adiabatic saturation relation quite often. A graphical represenuuion of the solution 
of adiabatic saturation relation is called a psychrometric chan. The properties of 
interest like dry-bulb temperature, wet- bulb temperature, humidity ratio, relative 
humidity and specific enthalpy of moist air are shown on a psychrometric chart. 
These charts are usually prepared for particular values of pressure. A schematic 

of the psychrometric chart showing the salient features is presented in 
Ftg.E 9.40. An enlarged version of the psychrometric chart at 1 bar pressure for 
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use in solving the problems is presented in Appendix-9. 

The mass and energy balance equations for an adiabatic saturator gives 

h al + to / h u/ + [ See Eqn ( E) of Example 9.32] 

m*. 2 

or + — ~~ 2 = 

m a 

or /r, + f 0 )j- 0 ) l )hw, = h\ (A) 

The value of Ihc second letms in LHS of Eqn. (A) is very small compared io 
the other quantities as it is related to the difference in the humidity ratio. For 
many engineering applications it is reasonable to ignore this term and rewrite 
Eqn. (/I I as 



Fig.E 9.40. Schematic of psychromctric chart. 


* I ” * J 

That is. in an adiabatic saturator, the enthalpy of moist air remains unaltered. 
The value of h\ depends on T, and to,, and to, depends on which in turn 
depends on T y therefore, h is a function of T, (adiabatic saturation temperature) 
only. Hence the constant lines of wet-bulb temperature coincide with the constant 
specific enthalpy lines. 
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Example 9.41 

A sample of moist air at I bar pressure has dry-bulb and wet-bulb temperatures 
of 35“C and 25°C. respectively. Using the psychrometric chan determine the 
humidity ratio, relative humidity and the specific enthalpy of the moist air. 
Solution : 

A schematic of the psychrometric chart is shown in Fig.E 9.41. Locate the 
point A at the intersection of the dry bulb temperature line of 3S°C and the constant 
wet bulb temperature line of 25"C as shown in Fig.E 9.4 1 . The state of the moist 
air is given by point A. Corresponding to state A one can read 



to - 0.016 kg H 2 0 / kg dry air , $ = 44,3% and ft" = 76 kJ / kg dry air as 
shown in Fig.E 9.41. 


Example 9.42 

On a particular day the atmospheric air is at 1 bar and 40“C and has a relative 
humidity of 50%. Using the psychrometric chart determine the humidity ratio, 
wet-bulb temperature and specific enthalpy of the air. 

Solution : 

Locate the point A at the intersection of the dry-bulb temperature line of 
40“C and the constant relative humidity curve of 50% as shown in Fig.E 9.42. 
Then, from the chart corresponding to point A read the following values (as 
shown in Fig.E 9.42) 
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(D = 0.0235 kg HjO / kg dry air, Wet-bulb temperature = 31°C and 
A'= 101 kJ/kg dry air. 



Fig.E 9.42. Sketch for Example 9.42. 


Example 9.43 

A psychrometer reads 37°C and 22“C as the dry-bulb temperature and wet- 
bulb temperature, respectively for a sample of moist air at 1 bar pressure. Using 
the adiabatic saturation relation calculate the specific humidity, relative humidity 
and the specific enthalpy of the air and compare the results with those read from 
the psychrometric chart. 

Snluliim : 

Given: Dry-bulb temperature. T , = 37°C 

Wet-bulb temperature = Adiabatic saturation temperature or T , = 22°C 

Pressure. P = I bar 

From steam tables, we find 
at 37°C: P SI = 0.063 232 bar ; h fl = 2569 kJ / kg 
at 22°C: P s , = 0.026 686 bar ; h p = 92.22 kJ / kg 

h 0 = 2541.84 kJ/kg or h /g) = 2449.62 kJ/kg 


At adiabatic saturation temperature 6, = I = 


P.3 

^S3 


or p wt — P$\ = 0.026 686 bar 


to,= 


0-622 />h-, _ 0.622 x 0.026 686 
I — Pw^ I — 0.026 686 


= 0.0171 kg HjO / kg dry air 
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a (kg H,0 / kg dry air) 


Fig.E 9.43. Sketch for Example 9.43. 


The adiabatic saturation relation gives. 

_ Cp(T } -T,)+to,h lt} 1.QQ5(-I5)+ 0.0171x2449.62 
' h si~ h /3 ~ 2569 - 92.22 


or 


We know thar to, = 


0.0108 = 


0622 p., 

r-p., 


= 0.0108 kg H,0/ kg dty air 

0.622 p, | 

P~P.\ 

or 0.01 7 067 bar 


P. i 0.017067 
p S| 0.063232 


A’, = C,r, + nfo = 1.005 x 37 + 0.0108 x 2569 = 64.93 kJ / kg dty air 
Now locale point A at the intersection of 37”C dry-bulb temperature line and 
22°C wet-bulb temperature line as shown in Fig.E 9.43. 

Then read. 0) , =0.0106 kg HjO/kg dry air ; i>,= 26.25% and h\ = 64.3 kJ/kg 
dry air 

These values are in good agreement with the calculated values. 


Example 9.44 

Name a few important applications of psychromctry in the field of air- 
conditioning. 
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Example 9.46 

A stream consisting of 2 m’/s of moist air at 5"C and a humidity ratio of 
0.002 kg H,0/kg dry air is adiabatically mixed with another stream consisting of 
5 m 5 /s of air at 25°C and 60% relative humidity while the pressure is held constant 
at 1 bar. Calculate the humidity ratio, relative humidity and the temperature of 
the air leaving the mixer. 

Solution : 

Given = 5°C; to, = 0.002 kg H 2 0/ kg dry air and volumetric flow rate of 
stream I = 2 m’/s. * 

r 2 = 25°C; = 60% and volumetric flow rate of stream 2 = 5 mVs 

We know (hat 0 ). = —— / ’* 1 
' /’-P., 

or 0.002 = 0 622 p ‘l 
*-P.t 

or p n | = 0.003 205 bar 

»t.o= -y-= 0.003 205 


" I = "H p+ "iryaa ~ 


PV Ixl0 s x2 


RT 8.314x278 


m n = - V ji> ^a» = (l -00 °3 205) 86.5317 x 28.97 x 10° = 2.499 kg/s 
At 25°C P n = 0.031 66 bar 



Of Pw2=<i^2 = 0 6 0 x 0.03l66=0.018 996 bar 


>K-o “ p 
0.622 0.622x0.018996 


P-P.2 


1-0.018996 

PV IxIO’xS 


0.018 996 

= 0.0120 kg H,0/kg dry air 


= 201.81 mol 


RT 8314 x 298 
m a2 = ( I- 0.01 8 996) x 201 .8 1 x 28.97 x 10-’ = 5.735 kg / s 

m ai to. + ™«2 to, 2.499 x 0.002 + 5.735 x 0.012 
= '■) aodlVivi 



NONREACTING GAS MIXTURES AND PSYCHROMETRY 


543 


or co, = 0.009 kg H,0 kg dry air 

Therefore, the humidity ralio of the resulting air mixture = 0.009 kg H,0 / kg 
dry air 

h] = Cyt, + co, h gl = 1.005 x 5 + 0.002 x 2510.75 = 10.047 kJ / kg dry air 
(A,, at 5'C = 2510.75 kJ /kg) 

h 1 = C e t 2 + 01, h g! = 1 .005 X 25 + 0.0 1 2 x 2547.3 = 55.693 kJ / kg dry air 
(h r2 at 25"C = 2547.3 kJ / kg) 


We know that. Ii\ 


”!.t ft, + m .,2 

"U + " 1.2 


or 


_ 2.499 X 10 047 + 5.735 x 55.693 
' = 2.499 + 5.735 


41.84 kJ / kg dry air 


h\ = C P I, + CO, h t j 

or 41.84=1.005/, + 0.009 h# (A) 

Eqn.(A) has to be solved to determine the temperature of the resulting air 
stream. Since we have no mathematical relation which expresses h t as a function 
of temperature and this information is available in a tabular form (steam tables), 
we shall solve this by trial and error procedure. Let us assume z= I9°C and check 
whether Eqn.(A) is satisfied or not. 

At I9°C, =2536.38 kJ / kg 

RHS of Eqn (A ) = 1 .005 r, + 0.009 6,, = 1 .005 ( 1 9) + 0.009 (2536.38) 

= 41.92 kJ/kg dry air 
LHS of Eqn. (A) = 4 1 .84 kJ / kg dry air 
Let us say that LHS= RHS.Then Eqn.(A) is satisfted.Therefore, temperature 
of air leaving the mixer = I9“C. 

At I9"C; P s ,= 0.022 104 bar 


co, = 


0.622/.,, 

P-P.S 


or 0.009 = or p. = 0.01 4263 bar 

■-/Vi 


4>,= 


0.014263 
P si 0.022 104 


= 0.6453 


Relative humidity of the air mixture = 64.535f 
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Locale slate 3 ai Ihe intersection of the straight line connecting states I and 
2 with (0 = 0,009 as shown in Fig.E 9.47. At state 3. we read the following values 
from the figure. 

/,= I9°C; 0, = 65%; ft, = 42 kJ / kg dry air 


Example 9.48 

A stream of air at I0“C with a relative humidity of 90 % is adiabatically 
mixed with another stream of air at 40"C with 30% relative humidity at I bar 
pressure. If the flow rates of these streams are in the ratio of 1:2 on dry air basis, 
determine Ihe temperature.specific enthalpy, humidity ratio and relative humidity 
of the resulting mixture. 

Solution : 

Locate state I at I0“C and ©, = 90% and state 2 at 40°C and <>, = 30% as 
shown in Fig.E 9.48. We know that 


"to 2 0), - a), 

"la I <o 2 -“i 

or "Lifto, -u,) 

Therefore, draw a line joining states 1 and 2. Then locate the point 3 such 
that the lengths of I -3 and 2-3 arc in the ratio of 2: 1 as shown in FigF.. 9.48. Then 
from point 3 read the following values from the figure. 


f, = 29.5-C;©, = 45%: It, = 55 kJ / kg dry air 


Specific enthalpy (kJ / kg dry air) 



ui (kg H20 / kg 
dry air ) 


0.014 

0.0117 

0.007 


Fig.E 9.48. Sketch for Example 9.48. 
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Example 9.49 

T\vo air-conditioners blow cold air into a common duct. The air conditioner 
Adelivers I mVmin of air at 20"Cand I bar with 60% relative humidity while the 
air-conditioner B delivers 2 m'/min of saturated air at 4”C and I bar. Determine 
the temperature and the relative humidity of the mixture. 

Solution : 

Given: r, = 20"C; 0, = 60%; volumetric (low rate =1 m '/ min. 
r, = 4“C ; 6, = 100% ; volumetric (low rale = 2 mV min 
At 20"C ; P u = 0.023 37 bar 



° r 0 60= 0 0 23 37 ** P "‘ = 0 ,40 22 bar 

p ul = I -0.014 022 = 0.985 978 bar 

VM„ 0.985 978 x 1 0 oi, * * * 5 x 28.97 x 10“' , , , . 

n, -i = ^ - = = 1.173 kg/min 

RT 8.314x293 

At 4'C : P s , = 0.008 1 29 bar 


6, = I = or p„, = 0.008 129 bar 

P 5Z 

p a J = I - 0.008 1 29 = 0.991 87 1 bar 


0.991 871 x 10* x 2 x 28.97 x I0~' 
8.314x277 
0.622 x 0.014022 


2.495 kg/min 


= 0.0088 kg H,0 / kg air 


to, = 


0.622x0.008129 

0.991871 


= 0.0051 kg H,0 / kg dry air 


oi, -v oi, 1. 1 73 x 0.0088 + 2.49S x 0.005 1 

'".,i + m „; 1.173 + 2.495 

= 0.0063 kg H,0/ kg dry air 

Locate the states of I and 2 and draw a straight line joining them as shown in 
FigE. 9.49. Then locate state 3 at the intersection of CO, = 0.0063 and the line 
joining states I and 2. Then at state 3 read the following values 

I = I l*C and 0, = 81% 
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Dry-bulb temperature (°C) 


Fig.fi 9.49. Sketch for Example 9.49. 


Example 9-50 

It is required to blow air at 25'C and I bar into a room at the rate of 1 0 
kg/min on dry air basis. For this purpose saturated air at IOC is produced by 
blowing air over chilled water pipes. It is proposed to mix this air with atmospheric 
air which is available at 45*C and 30Cfc relative humidity. Determine the 
proportions on dry- air basis in which these air streams are to be mixed and the 
relative humidity of the resulting mixture. 

Solution : 

Stream I: ; | =IO“C:(i l = I 

Read to, = 0.0076 kg H.O/ kg dry air from chan 

Stream 2: r, = 45'C: 0 , = 0.3 

Read 0), = 0.0182 kg H-O/ kg dry air from chart 

Stream 3: /, = 25"C. 

Locate stales I. and 2 on the psychrometric chart as shown in Fig. It. 9.50. 
Then find the intersection of the line joining I and 2 with / = 2S‘C and read 
(i), = 0.0124 kg H,(J/kg dry air and 0, = 6l?t. 

”‘i ; to, - to, 

"U to. -to, 

0.0124 - 0.0076 


O.OI82-O.OI24 


0 .8276 
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Suppose moisi air at a given temperature and humidity ratio is heated at 
constant pressure. Sketch the process of constant pressure heating on a 
psychrometric chan. 

Solution : 

Let the moist air is at temperature /,°C with a humidity ratio <o,. If the air is 
heated at constant pressure, the total pressure as well as the panial pressure of 
water do not change and lienee the humidity ratio also does not change. However, 
as temperature increase the saturation pressure of water increases and hence the 
relative humidity $ which is given by the ratio of panial pressure of water to the 
saturation pressure of water (# =/>„.//’*) decreases. If the moist air is initially at 
state I. it follows the path 1-2 shown in Fig.E 9.51, when it is heated at constant 
pressure. 


Example 9.52 

If saturated air at I0°C and I bar is heated to 49°C at constant pressure 
determine the humidity ratio and relative humidity of the air. Also calculate the 
amount of energy to be transferred to 10 m'/min of the saturated air. 



Fig.E 9.52. Sketch (or Example 9.52. 


Solution : 

For saturated air at I0°C. to, =0.0075 kg HjO/ kg dry air and h\ = 29 kJ/kg 
dry air (from chan) 

0622 ^ 


P-P. t 
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or 


0.0075 


0 «2 M 

I- P „ i 


or p u , = 0.0 1 1 9 1 4 bar and p A = 0.988 086 bar 


_ f’„ VW„ 0.988086 x 10* x 10 X 28.97 x IQ 1 

' nr, ~ 8.314x283 


1 2.1 66 kg / min 


During healing at conslanl pressure. Ihc humidity ratio docs not change. 
Hence to, = to, = 0.1K)75 kg H,0 / kg dry air. 

Therefore at state 2.r = 49"C and to = 0.0075. This corresponds to $ ; = 0. 1 0 
and ft', = 69 kJ / kg dry air (from chart). 

The initial and final stales of the air are shown in Fig.E 9.52. 


Then energy added as heal Q = in, (ft 2 - ft,) = 12.166 (69 - 29) 
= 486.64 kJ / min 


Example 9.53 

Sketch the process of constant pressure cooling of a moist air on a 
psychrometric chart. 

Solution : 

Suppose moist air at state I enters a cooling unit and the air cools at constant 
pressure. While the air is cooling to a temperature above its dew point temperature, 
no condensation of water vapor occurs and hence the humidity ratio remains 
constant. However, the relative humidity of the air incteases because at lower 



Fig.E 9.53. lu) Schematic of a cooling unit (ft) Representation of conslanl pressure 
cooling on a psychrometric chan. 
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Energy balance : «i a| h‘ t = m lL , h\ + m u , /i„, + ft- (C) 

where (?<- = rale of energy removal as heal in ihc cooling device 
h wi = specific cmhalpy of liquid water (condensate) 

Dividing Eqn. til) with Eqn .(/(). we gel 

"'■I m *2 f m «\ 

m .il « 

or 0). » — — + (0, 

1 "Vi 

or m , 2 = '",,,(0), -(Oj) (D) 



10 27.5 40 

Dry- bulb temporalure (°C) 


Fig.E 9.54. Sketch for Example 9.54. 



NONREACTING GAS MIXTURES AND PSYCHROMETRY 


553 

Substituting Eqn.(D) in Eqn.(C) we get 
Q t ^(< 0 , - to,) 

or Q. =™«i[K -*<)-(“! -«»)**] 

From Fig.H 9.45, wc find h\ = 101 kJ / kg dry air; h\ = 29 kJ / dry air; 

( 0 , = 0.0075kg H ; 0/ kgdryair 

Temperature at which condensation begin is 27.5'C 

/i H2 = /t / (IO"C) = 4l.99kJ/k«. 

From Eqn. (D). wc get 

ih„j = m„, (to, - to,) = 10.727(0.0235 - 0.0075) = 0.1716 kg/s 

Therefore, the rale at which condensate leaves the cooling unit 
= 0.1716 kg/s 

From Eqn. (E). we get 

0 . = "' U |[(^' -^)-K -“3R2] 

= 10.727 [(101- 29) - (0.0235 - 0.0075) 41 .99] = 765. 1 37 kW 
Therefore, the coling capacity of the unit = 765.137 kW 


Example 9.55 

During the months of July and August the atmospheric air is humid and hot 
and it is desired to condition the air to a comfortable temperature and humidity 
level at a lower cost. Suggest a method and indicate the process to be adopted, on 
a psychrometirc chart. 

Solution : 

For comfortable living the desirable temperature is 25°C and a' relative 
humidity of 40%. If the humidity of the atmospheric air is very high, it can be 
dehumidified to the desired level by cooling the air below its dew point. Then the 
air will be at a temperature lower than the desired value. Therefore, the air can 
then be reheated to the desired temperature at constant pressure. The process of 
cooling at constant pressure below the dew point of the initial moist air and 
subsequent heating at constant pressure is shown in Fig.E 9.55 on a psychromctric 
chart. The air which is initially at state 1 with humidity ratio to, can be cooled at 
constant pressure by following the path l-a-3. During path l-n, there is no 
reduction in the humidity ratio. At state a, the condensation of water vapor begins 
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0), = 0.0285 kg HjO/ kg dty air, 
and li, = 1 14 kj / kg dry air. 

r 4 = 25°C and ® 4 = 0.40. Al this state, we read from the chart 
cu 4 = 0.008 kg HjO / kg dry air, 

and lij - 46 kJ / kg dry air. 

(I Qh 


©. 


m ah ,n *l — ^ 

40°C : 0, * 0.6 


Cooling unit 


®j 


/ 


25°C : 0, = 0.4 


© 


Conditioned air 
i„ 4 ,0) 4 ,m„ 4 



Fig.H 9.56. (ri) Schematic of dchumidi(icr (6) Dehumidilicalion process on a 
psychrometric chart 


The moist air at state I is to be changed to state 4. For this purpose the air can 
be cooled at constant pressure following the path I -a-3-4. The air leaves the 
cooling unit as saturated at state 3 and the condensed water at state 2 (at the same 
temperature as that of air at state 3) leaves the cooling unit. The air is then heated 
at constant pressure following the path 3-4. 
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We know that. to, = — ^ 

' P~ P., 

or 0.0285 = (l -— — 1 or />„ . = 0.0438 bar; p .= 0.9562 bar 

1 - /’.i 

P„, VM„ 0.9562xl0 , x5x28.97xl0'' c „„ . , 

53225 kE/s 

Consider Ihe cooling unit as the control volume and apply the mass and 
energy balances to obtain 

m -i = = m a = 5-3225 kg/s 

"‘..2 = - to, ) = 5.3225 (0.0285 - 0.008) = 0. 1 09 1 kg / s 

(£0j = o> 4 = 0.008 since the humidity ratio docs not change in the path 3-4). 

Therefore, the rate at which water condenses = 0. 1 09 1 kg/s 

n l h 'i =m .*‘j + m .2 Ki + Q. 

or Q, = m a (/;, - lh)~ i » w2 /i „ 2 

= 5.3225 (1 14 - 31) - 0.1091 x 44.09 = 436.96 kW 
[(ft,, = h, ( I0.S-C) = 44.09 kJ / kg)] 

The moist air at slate I (40“C and 6 = 0.60) is to be cooled to I0.5“C in the 
cooling unit and the condensate leaves at I0.5°C, 

Tlterefore. the cooling capacity of the unit Q,- = 436.96 kW. 

Now, consider the heating unit as the control-volume and apply the mass and 
energy balances to obtain 

'"„. = '"a. = m „ = 5 - 3225 kg/s 
Qh =m, </,;-/,;) = 5.3225 (46 -3 1 ) = 79.84 kW 
Therefore, the heating capacity of the unit = 79.84 kW. 

Example 9.57 

It is required to supply 200 m' /min of air at 20“C and I bar with 40% relative 
humidity into an auditorium. For this purpose atmospheric air at 37“C with 60% 
relative humidity is to be conditioned in a dchumidificr unit. Calculate the 
temperature to which the air is to be initially cooled, and the capacities of the 
cooling and healing units. Also determine the rate at which water condenses in 
the cooling unit. 

Solution : 

For moist air at stale I . we have; = 37°C and 9 = 0.60. From Ihe psychrometric 
chart we read 0), = 0.0244 kg H,0 / kg dry air and /;' = 97 kJ/kg dry air. 
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For the conditioned air at 20"C and 0 = 0.40. we read from the chart o>, = 
0.006 kg H,0 / kg dr>' air and h\ = 35 kJ / kg dry air. 

The dehutnidification path l-a-3-4 to be followed by the moist air is shown 
on a psychrometric chart in Fig.E 9.57. 

From the figure, we find that the air is to be initially cooled to 6.5"C in Ihe 
cooling unit, before it is fed to the heater. At 6.5°C; we find lit =21 kJ / kg dry air. 
The condensate also leaves at 6.5°C. 

At 6.5°C, /t„, = 27.21 kJ/kg 

Air is supplied into the auditorium at <o 4 = 0.006 kg H,0 / kg dry air 
0.622 oj 

o) = 

J P~ P.4 


I- P.4 

or p Hj = 0.0096 bar and = 0.9904 bar 

_ f p„. VM„ 0.9904 x 10 s x 200x 28.97 x 10“' 

Therefore. m„. = — - = 

“ RT 8.314x293 


= 235.57 kg /r 


or rii „4 = ^ = 3.926 kg / s 



Fig.E 9.57. Sketch for Example 9.57. 
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From Ihe figure, we find to, = (Oj = 0.006 kg H,0 / kg dry air 
Rale ai which water condenses in the cooling unit, «i„, is given by 
hi, 2 = hi, (ro, - to, ) = 3.926 (0.0244 - 0.006) 

= 0.072 kg/s 

The cooling capacity of ihe cooling unil fl is given by 

Q = m.(h! h.2 

= 3.926 (97 - 21 ) - 0.072 x 27.2 1 = 296.42 kW 
The capacily of the healing unil Q H is given by 

Q_ = m„ (h]-h\) = 3.926 (35 - 2 1 ) = 54.96 kW 


Example 9.58 

II is required lo maintain a cold storage al I0°C and I bar with a relative 
humidity of 40Sf . On a particular summer day Ihe atmospheric air is at 45°C with 
a humidity ratio of 0.03 kg H ; Q/kg dry air. The atmospheric air is lo be conditioned 
and supplied lo the cold storage at I0°C at a rate of 50 m-'/s. Determine the 
temperature to which the atmospheric air is to be chilled before reheating and the 
capacities of the refrigeration and heating units. Also determine the rate of 
condensate removal from the refrigeration unit 

Solution : 

For air at 1 0”C and t) = 0.40. we read ro 4 = 0.003 kg H.O / kg dry air 
h, = 1 7 kJ / kg dry air (Read from chart) 

We know that to, = ** ^ * > * 4 

P~ P . 4 


0.622 n . 

or 0.003 = — 

I -P*i 

or p u 4 = 0.004 8 1 5 bar and - 0.995 1 85 bar 

p„, VM„ _ 0.995 185 x 10* x 5()x 28 97 x 10“' 


m .rf 


RT 

= 61.267 kg /s 


For air at 45"C and to, = 0.03. we read h, =123 k)J kg dry air 
The dehumidification process is shown on a psychrometric chart in 
Fig.E 9.58. For achieving the humidity ratio of 0.003 kg H.O / kg dry air the air 
is to be chilled to -2.5“C as shown in Fig.E 9.58 
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the only method which is least expensive is to spray chilled water into the moist 
air and all other methods are quite expensive. 

Example 9.60 

Moist air at 40T and I bar with a relative humidity of 605r enters a chamber 
into which enough chilled water at !0"C is sprayed, reducing the temperature of 
the air to I0°C. Calculate the humidity ratio of the entering air and the air leaving 
the unit. 

Solution : 

At 40-C and 0 = 0.60; to, = 0.0285 kg H,0 / kg dry air. 

The air leaves as saturated at I0°C. Hence at I0"C and ? = 1.0. the humidity 
ratio to of the leaving air is 0.0075 kg H 2 0 i kg dry air. 

Example 9.61 

Is it possible to achieve cooling by humidifying the air ? If so sketch the path 
followed by the process of humidification with cooling, on a psychrometric chart. 
Solution : 

If moist air which is initially not saturated is made to flow through porous 
pads which are maintained wet and the unit is well insulated, then the air comes 
into thorough contact with liquid water and reaches a slate of equilibrium. Since 



Dry bulb temperature ("C| 

Fig E 9.61. Psychrometric chan show ing the process of humidification with cooling. 


the air is not saturated initially, some water vaporizes and the air gets saturated. 
The energy required for the evaporation of water does not come from external 
sources (since the unit is well insulated), it receives the same from the air itself 
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by the cooler and the amount of water required to operate the cooler continuously 
for 3 hours ? 

Solution : 

(а) The atmospheric air is at 45°C with $ = 0.20. Locate the initial state of 
the air on the psychrometric chart as shown in Fig.E 9.63. The initial and final 
stales of the air are represented as I and 2. respectively in the figure. If the desert 
cooler is perfectly designed it is possible to achieve adiabatic saturation and the 
air can leave the cooler at adiabatic saturation temperature. Follow the constant 
wet-bulb temperature line from state I till it intersects the saturation curve at 
state 2. At state 2, read the temperature as ‘25.2°C. Therefore, the minimum 
temperature that can be obtained is 25.2°C. 

(б) Starting from state I, follow the constant wet - bulb temperature line till 
it intersects the 6 = 0.80 curve (state 2'), At state 2' the temperature of the air is 
27.8°C and a> z = 0.019 kg H,0 / kg dry air 

Therefore, the cooler delivers air at 27.2°C. 


Constant wet bub 
temperature line 



0.012 

re (kg H20/kg dry air) 


Dry bulb lemprature <*C> 

Fig.E 9.63. Sketch for Example 9.63. 


The amount of water required can be obtained from = m a (or 2 - to,, ) 
At State l.(0, = O.OI2kg H.O/kgdryair 

We know that to. = ° 622 P i' 

' P-P. , 

or 0.012= ° 622p *' 

I-P.l 

or - 0.018 927 bar and p al =0.981 073 bar 
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p , i VM U 0.981 073 x 10 5 x I x 28.97 x 10“' 

rti = = 

“ RT 8.314x318 

= 1.075 kg/s 

Amounl of water required for 3 hours of operation = 3 X 3600 x 1.075 
(0.019 -0.012) = 81. 27 kg 

Example 9.64 

Show that the process followed in a desert cooler is the same as the adiabatic 
saturation process. 



Fig.E 9.64. Schematic of a porous pad through which unsaturated air 
passes increasing its humidity 

Solution : 

A Schematic of the porous pad through which unsaturated moist air passes 
increasing its specific humidity is shown in Fig.E 9.64, Let 

«t ill ,m l 2 = mass flow rate of dry air into and out of the pad, respectively. 
m = mass flow rate of water along with the dry air into and out of the 
pad, respectively. 

h',.lh= specific enthalpy air at the inlet and outlet of the pad, respectively. 
* m w j = flow rate of make up water. 

Consider the control volume as shown in Fig.E 9.64 and apply the conservation 
of mass and energy to get: 

Mass balance for dry air : m al = m al = m a 
mass balance for water : 
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or rti u (o l +m ll ,j = »i <1 (Dj 

or m nJ = tH u ((Oj-oj,) (A) 

Energy balance : rn, h al + /i fl + m wJ h wi = mjt a , + m_ 2 h f2 
or m a (h tl + U), /i f| ) + m : (to, -0),)/i H , = ihjh 0l + to, h >2 ) 

or hi +«o ; - (0 , )/i w , = h, (fl) 

In Eqn (B) ihe second lerm of Ihe LHS is very small compared lo ihe oilier 
lerms and hence it can be neglected. Then Eqn. (B) reduces lo 

ft,* = h\ 

Which is the same as Ihe adiabatic saturation relation. 

Example 9.65 

What is a cooling tower and how do we analyse the operation of a cooling 
tower ? 

Solution : 

A cooling tower is a device which uses the principle of evaporative cooling 
to cool warm water. Warm water is cooled by evaporation and in the process the 
humidity ratio of the air increases. Since cooling is produced by evaporation, it is 
theoretically possible to obtain cold water at the wet-bulb temperature of the air. 
In thermal power plants large quantities of cooling water is necessary to operate 
the condensers. Hence cooling lowers are extensively used to provide large 
quantities of cold water. There are two types of cooling towers in common use. 
They are natural draft cooling towers and forced draft cooling towers. A schematic 
of a cooling tower is shown in Fig.E 9.65. The warm water to be cooled enters at 
3 and it is sprayed from the top of the tower. The falling water passes through a 
series of baffles which break the stream into fine drops. Atmospheric air is drawn 
at I by Ihe fan which is located at Ihe top of the tower. The fine spray of water 
provides large surface area for energy transfer and evaporation. The air gets 
humidified and leaves the tower at 2. The outgoing air has a higher humidity 
ratio than the incoming air. The cool water leaves the tower at 4. Since some 
water evaporates lo increase the humidity of air. some make up water is usually 
added in the cooling tower. In some region of the tower there is a temperature 
difference between the air and water and energy transfer as heat occurs from 
water to air. However, in some other region of (he lower. Ihe temperature of the 
water may be lower than that of the air and energy flows as heal from air to water. 
To analyze the complex processes that occur in a cooling tower a knowledge of 
energy transfer through various modes like conduction, convection and radiation, 
and mass transfer as well as fluid mechanics is needed in addition to a knowledge 
of thermodynamics. However, some information regarding the performance of 
cooling towers can be obtained by applying mass and energy balances to the 
cooling tower. 
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Let 

m u |, m u , = mass flow rale of dry air into and oul of the cooling lower, 
respectively 

to,, to , = humidity ratio of air at the inlet and exit of the cooling lower, 
respectively. 

m„,= mass flow rate of warm water into the cooling tower. 

= mass flow rale of cool water out of the cooling lower. 
Consider the cooling tower as the control volume and apply the mass balance 
and energy balance to obtain 

Mass balance for air: ih al = m u2 = m o 
Mass balance for water; m u| to, + «!„, = m co, + 
or (m H , - m uJ ) = »«_ (to j - to , ) ( A ) 

Energy balance : « u| + m_, li wi = m u , h\ + 

or mjlh —/!,*) = m„3 - m Hj h^,. (fl) 

The Eqns. (A) and (B) can be simultaneously solved to obtain the required air 
flow rate and make up water (m K) - n t^). 


Humidified air outlet 


lltl© " 


Makeup water inlet 


‘ •ft -ft -ft * ft I » 

N>SX Watei sp,ay /V*/ 

till f “ 

> ^ JjawgW 0 


Warm water inlet th W y 


Atmospheric air inlet 

f/' ® "!af“l 


Cold water outlet 


Fig.E 9.65. Schematic of a cooling tower. 


Example 9.66 

A large thermal power plant uses a cooling tower to provide cold water at 
30“C to the condensers. The warm water leaves the condensers at 40“C at a rate 
of 1 000 kg/s. On a particular day in summer, the atmospheric air is at 40“C and I 
bar with 30 % relative humidity. The air leaves the cooling tower at 35“C with 
70% relative humidity. Calculate the required air flow n and make up water 
flow rate. 
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Solution : 

Given data: m., =1000 kg / s; r, = 40°C. 

Therefore, h w) = 167.45 kJ / kg 
Cold water: r 4 = 30°C. 

Therefore. = 125.66 Id /kg 
Entering air. », = 40"C and 6, = 0.3 

Therefore, to, = 0.014 kg H,0 / kg dry air. h\ = 76 kJ / kg dry air 
Leaving air: r, = 35°C and 6] = 0.7 

Therefore, to, = 0.025 kg H ; 0/ kg dry air; Aj = 100 kJ / kg dty air 
We know that . m_, - m. 4 = m o (to, - to, ) 
or 1000 - 16,4 = /It, (0.025 - 0.014) 

or 1000 -m„ 4 = 0.01 1 (4) 

We also know that "i„ (hj - h," ) = rti., ft.., - 
or m u ( 100 - 76) = 1000 x 167.45 -m^f 1 25.66) 

or 24 m a = 1 .6745 x 10 5 - 125.66 m. 4 (B) 

Substituting Eqn (4) in Eqn (B) , we get 
24«i a = 1.6745 X 10 s — 125.66 (1000 — 0.01 lm a ) 
or «!_= I847.66kg/s 

Therefore, makeup water flow rate = m w , - = m . (to 2 - to,) 

or Bi., -**i, 4 = 1 847.66 (0.025 - 0.014) = 20.32 kg I s 
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Example 10. 1 

The energy needed to operate the heat engines, boilers etc. is obtained by the 
combustion of fuels. Name a few commonly used fuels and how does one specify 
the composition of a fuel. 

Solution : 

Most of the fuels contain carbon and hydrogen and they are available as 
solids, liquids or gases. The commonly used fuels are coal, gasoline, diesel oil. 
kerosene, natural gas. coke oven gas, producer gas and water gas. Usually the 
analysis of coal is given in terms of proximate analysis which gives the mass 
percent of volatile matter, water vapor, carbon, ash etc. or in terms of ultimate 
analysis or chemical analysis which specifies the mass percent of each constituent 
element. The liquid fuels are mixtures of several hydrocarbons. For combustion 
analysis usually a liquid fuel is treated as a single hydrocarbon with an empirical 
formula C,H y . even though it is a mixture of several hydrocarbons. For example 
gasoline is treated as octane (C,H I8 ) and diesel oil is treated as dodeenne, 
(C 12 H, 6 ). The natural gas is mostly methane, coal gas or coke oven gas is primarily 
a mixture of methane and hydrogen, water gas is essentially a mixture of CO and 
Hj, whereas producer gas is mainly a mixture of CO, H, and N 2 . Usually the 
analysis of gaseous fuels is given in terms of volume percent or mole percent of 
the constituent chemical species. 


Example 10.2 

How docs one represent a combustion reaction ? 
Solution : 


The combustion of a fuel involves the oxidation of the constituents of a fuel 
and the process can be represented by a chemical reaction. In combustion process 
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the reactants disappear and products appear as the reaction proceeds. Even though 
the masses of the fuel and oxidant do not remain constant in a combustion reaction, 
the masses of the constituent dements remain constant. Suppose methane CH 4 , 
undergoes complete combustion in presence of oxygen forming C0 2 and H,0. 
the combustion reaction can be represented as 

CH 4 + 20j -» CO, + 2HjO 

That is one mole of CH 4 reacts with 2 moles of 0 2 yielding one mole of CO, 
and 2 moles of 11,0. 

Example 10.3 

What is stoichiometric or theoretical air ? 

Solution : 

In most of the combustion processes, the oxygen required for combustion is 
not supplied as pure oxygen but supplied in the form of air. which contains 
oxygen. Ignoring the presence of C0 2 , argon and other gases which are present 
in negligible quantities in air. the air can be treated as a mixture of 21 moles of 
oxygen for every 79 moles of nitrogen. Then the mole ratio of nitrogen to oxygen 
is 79/21 = 3.76 in air. The minimum amount of air which supplies the required 
amount of oxygen for complete combustion of a fuel is called the stoichiometric 
or theoretical air. The complete combustion means all the carbon in the fuel is 
converted to CO, and all the hydrogen in the fuel is completely converted to H a O 
and nitrogen does not undergo any oxidation. That is, there is no free oxygen in 
the combustion products and nitrogen is treated as an inert gas. 

Example 10.4 

What is the meaning of air - fuel ratio? 

Solution : 

In the combustion of fuels, usually if the fuel is supplied with stoichiometric 
or theoretical air. the reaction does not go to completion. Therefore, the air is 
supplied in excess of the stoichiometric requirement. The air-fuel ratio (A/F) is 
the ratio of the mass of air used for combustion to the mass of fuel. That is 

. . _ . . _ mass of air 

Air-Fuel ratio A/F = jr— 

mass of fuel 

The air-fuel ratio can also be expressed on molar basis as 

. _ moles of air 

A/F = 

moles of fuel 
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Usually the amount of air actually supplied is expressed in terms of percent 
theoretical air or percent excess air. The excess air denotes the amount of air 
supplied over and above the theoretical requirement. Thus 120 percent theoretical 
air means that the fuel is supplied with 1 .2 times the stoichiometric air or the fuel 
is supplied with 20 percent excess air. 

Example 10.5 

Calculate the stoichiometric air-fuel ratio on mass basis and on molar basis 
for the combustion of butane C 4 H I0 . 

Solution : 

The complete combustion reaction for butane in presence of air can be 
written as 

C 4 H 10 + 6.50, + 6.5 (3.76) N 2 * 4C0 2 + 5H 2 0 + 24.44 N 2 

Therefore, for the complete combustion of one mole of butane. 6.5 moles of 
0 2 and 24.44 moles of N, (that is 6.5 + 24.44 = 30.94 moles of air) is to be 
supplied. Then 

30 94 

Stoichiometric A/F = — j — = 30.94 mol air / mol fuel 

Molar mass of air = 28.97 x 10 *’ kg / mol and 

Molar mass of butane C 4 H, 0 = 58 x I0~ 5 kg/mol. 

Therefore, stoichiometric air fuel ratio on mass basis is given by 

C. U- 30.94 x 28.97 xl0‘ 3 „ „ kgair 

Stoichiometric A/F = : = 1 5.45 — 

58x10*’ kg fuel 


Example 10.6 

Calculate the molar composition of the combustion products if butane is 
burned with theoretical air. Assume complete combustion. 

Solution : 

The combustion reaction is given by 

C 4 H 10 + 6.50j + 6.5 (3.76) N 2 * 4 C0 2 + 5 H 2 0 + 24.44 N 2 

Total moles of combustion products n = X n, 
or n = 4 + 5 + 24.44 = 33.44 
4 


Therefore. CO, = — — x 100 = 1 1.96* 
- 33.44 
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H,0 = 


5 x 100 
33.44 


14.95%; N,= 


22.44x100 

33.44 


73.09% 


Hence, the molar composition of combustion products is 11.96% C0 2 ; 14.95% 
H,0 and 73.09% N,. 


Example 10.7 

A sample of coke-oven gas has the following volumetric analysis; 6.5% 
CO; 2.5%CO,; 54% H,; 4% N, ; 32.5% CH ( and 0.5% O r 

Calculate (a) the theoretical air-fuel ratio on molar basis and ( b ) the 
composition of the combustion products if 1 50 per cent theoretical air is used for 
combustion. Assume complete combustion. 

Solution : 

(a) Consider 100 moles of fuel gas as the basis for calculation. Then the 
fuel contains 6.5 moles of CO. The combustion reaction for CO is 

CO + 1 o 2 -> CO, 

That is. for the combustion of I mol CO. we need 1/2 mol O,. Therefore, for 
the complete combustion of 6.5 mol CO. we need 6.5/2 mol O,. Similarly, we 
can calculate for the other species also. The calculations arc shown in the following 
table. 


Component 

Moles 

0 2 required 
moles 

Products formed 
(moles) 

CO 

6.5 

6.5/2 

6.5/2 C0 2 

CO, 

2.5 

0 

2.5 C0 2 

H, 

54 

27 

54 H 2 0 

N 2 

4 

0 

4N 2 

ch 4 

32.5 

65 

32.5 C0 2 + 65 H 2 0 

° 2 

0.5 

-0.5 

- 



94.75 38.25 C0 2 + 1 1 9 H 2 0 + 4 N 2 


For the combustion of 100 mol fuel, we need 94.75 mol 0 2 . When air is 
supplied to provide the oxygen for combustion it carries 3.76 x 94.75 = 356.26 
mol Nj with it. Then the combustion reaction can be written as 
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repealed such that the sample is forced through the other two reagent pipettes 
also individually. The reduction in volume represents the partial volume of the 
component which has been absorbed. The composition of the sample is then 
estimated with a knowledge of the partial volumes of the constituents. The Orsat 
analysis is carried out at temperature which is lower than the dew point temperature 
of the combustion products and hence the water vapor is not present in the 
combustion products analyzed by the Orsat apparatus. Thus the Orsat analysis 
gives the analysis on dry basis. The combustion products contain COj, CO, O, 
and N, only and hence the unabsorbed gas is treated as N,. 



Example 10,9 

In an internal combustion engine, gasoline is burned with air. An Orsat 
analysis of the combustion products gives 8.83% CO,, 6.94% 0,; 1 .26% CO and 
82.97% N ,. Determine the air-fuel ratio on molar basis and the percent theoretical 
air used in the engine. 

Solution : 

For combustion analysis purpose, gasoline is treated as pure octane (C,H„). 
The combustion reaction of C,H |S can be written as 

C,H„ + 12.50, + I2.5(3.76)N, » 8CO, + 9H,0 + 47N, 

Moles of air used = 1 2.5 + 47 = 59.5 

Theoretical air-fuel ratio A/F = 59.5 mol air/mol fuel. 

Now. let us consider 100 mol of combustion products. Then the combustion 
products contain 8.83 mol CO,; 6.94 mol O,; 1 .26 mol CO; 82.97 mol N, and z 
mol H,0 (Since the Orsat analysis is on dry basis, we do not know the amount of 
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x CHj + yO, + 3.76 y N, ► 8CO,+ 4.32 0 2 * 1 .7 CO + 85.98 N 2 

+ :HjO 

The mass balance of the consliluenl elemems give: 

N, balance : 3.76 y = 85.98 or y = 22.867 

Carbon atom balance: x = 8 +1.7 or x = 9.7 
Hydrogen atom balance : 4 x = 2z 
or 4 x 9.7 = 2: or z = 19.4 

Then moles of air used for combustion = y + 3.76 y = 4.76 y = 108.847 
Moles of fuel used =x = 9.7 


Actual air-fuel ratio = - 


mol air 
mol fuel 


The stoichiometric or theoretical air-fuel ratio can be obtained from the 
following combustion reaction : 


CH, + 2 0 2 + 2(3.76) N 2 > C0 2 + 2 H,0 + 7.52 N 2 

Theoretical air fuel ratio = 2 + 7.52 = 9.52 mol air/mol fuel. 


Percent theoretical air = 


11.22 

9.52 


100 = 117.86 


Example 10.11 

Ethylene. C,H 4 is burned with 20 percent excess air. An analysis of 
products of combustion on a dry basis reveals 4.5% 0 2 by volume and 
remaining data of analysis is missing. Determine the percentage of carbon in 
fuel which is converted into CO. 

Solution : 

The theoretical 0 2 requirement for the complete combustion of C 2 H 4 can be 
obtained from the reaction. 

C 2 H 4 + 3 0 2 »2 C0 2 + 2 H 2 0 

That is. 3 mol 0 2 is required per mole of C 2 H 4 . 

Let us consider 1 00 mol of burned gases as analyzed (on dry basis). This gas 
contains b mol C0 2 ; c mol CO; 4.5 mol 0 2 ; tl mol N 2 . Therefore, we have 

fc + c + 4.5 + d= 100 or 6 + c + </ = 95.5 (A) 

It also carries with it e mol H 2 0. 

Let us assume that a mol CjH 4 is burned with 20 percent excess air to yield 
the above combustion products. Then the combustion reaction is 
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a C,H 4 + 1 .2(3) uO, + (1.2) (3) (3.76) a N, > 6 CO, + c CO + 4.50, + 

«/ N, + «• H,0 

The mass balance of the consliluenl elements give: 

Carbon atom balance : 2 a = 6 + r (B) 

' Hydrogen atom balance: 4 n = 2r or r = 2o (C) 

Nitrogen balance : 1 3.536 a = d (/)) 

Oxygen atom balance: 7.2 a = 26 + r + 9 + e or 7.2 a = 6 + 2a + 9 + 2 a 
or 3.2a = 9 + 6 (E) 

We have 5 unknowns a. ft. c. d and <■ and five Eqns. (4) - (E). They can be 
simultaneously solved to determine the values of a. It. c. d and e. 

From Eqns. (4) and (fi). we gel 

b*c + d= lOOor 2a + r/= 100 (F) 

Substitute Eqn. (D) in Eqn. (£) to obtain 

2 a*d= 2 <i+ 1 3.536 a = 100 or 0 = 6.4367 (C) 

Substitute Eqn. (C) in Eqn. (£) to obtain 

3.2 o=9 + fc or 3 x 6.4367 = 9 + 6 

or 6=10.3101 (H) 

From Eqns.(6) and (//). we get 
2a= h+c 

or 2 x 6.4367 = 10.3101 + c or c = 2.5633 


Therefore, the combustion products contain 10.3101 mol CO, and 2.5633 
mol CO when 6.4367 mol C,H 4 is burned. 

Carbon atoms present in fuel = 2a = 2 X 6.4367 = 1 2.8734 

Percentage of carbon converted into CO = — 12g7JJ — = 19 91 

Example 10.12 

The exhaust gas of a Diesel engine has the following volumetric analysis on 
a dry basis. 9.98% CO, ; 2% CO; 4.69* O, and 8.3.33% N,. Determine the actual 
air-fuel ratio on mass basis and percent excess air used for combustion. 

Solution : 

The Diesel oil is treated as dodecane (C |2 H, 6 ) for combustion analysis 
purpose. Let us consider 100 moles of combustion products as the basis for 
calculations. Since the analysis is on dry basis, we should add an unknown amount 
of H,0 also. Then the combustion reaction can be written as: 
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or 2 x 22.066 =14.52 + 2.42+ 15 + 6 or 6=12.192 
Hydrogen atom balance: >=26 
or > = 2x12.192 = 24.384 

Therefore, the empirical formula of the fuel is 
C,H t =C, M H J4M) 

Composition of the fuel, on mass basis: 


Carbon = 


9.68x12x100 
(9.68x12 + 24.384x1) 


Hydrogen = 1 7.3556 


82.65% 


Actual air-fuel ratio = 


Moles of air 
Moles of fuel 


mol air 
mol fuel 


The theoretical oxygen requirement can be obtained from the following 
combustion reaction. 

C,.m H, 4 U4 + 1 5.776 O, * 9.68 CO, + 1 2. 1 92 H,0 

That is 15.776 mol O, is needed per mole of fuel. 

Therefore.thcorctical air-fuel ratio 


15.776 + 15.776(3.76) „ molair 

= 75.094 

1 mol fuel 


Percent theoretical air 


105.03x100 

75.094 


= 139.86 


Example 10.14 

The Orsat analysis of the products of combustion of a hydrocarbon fuel of 
unknown composition is 1237% CO,; 2.47% O,; 0.87% CO; and 84.29% N,. It 
is also found that one mole of fuel on burning under identical conditions yields 
7.11 mol CO,. Determine the air-fuel ratio used for combustion and the empirical 
formula of the fuel. 

Solution : 

Let the hydrocarbon fuel be represented as C 4 H ( , Now, consider 100 mol of 
the combustion products. One mole of fuel yields 7.1 1 mol CO,. 

Therefore 1237 mol CO, corresponds to -yyy = • -74 mol fuel 

Then the combustion reaction can be written as 

1 .74 CH + a Oj+ 3.76a N, * 1 2.37 CO, + 2.47 O, + 0.87 CO + 84.29 N, 

+ 6 H,0 
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Mass balances of the constituent elements give : 

Nitrogen balance: 3.76 a = 84.29 or a = 22.42 

Carbon atom balance: 1 .74 x = 1 2.37 + 0.87 or x — 7.61 

Oxygen atom balance : 2 a = 2 x 1 2.37 + 2 x 2.47 + 0.87 + 6 
or 2 x 22.42 =24.74 + 4.94 + 0.87 + 6 
or 6=14.29 

Hydrogen atom balance: 1.74 jr = 2 6 = 2 x 14.29 
or y= 16.43 

.... . a+3.76a ... molair 

Air-fuel ratio = = 61.333 

1.74 mol fuel 

The fuel is C 1 H 1 = C 761 H 16)J 
Example 10.15 

It is a known fact that chemical reactions are usually accompanied by 
absorption or evolution of energy as heat. Where from docs the energy come in 
chemical reactions ? 

Solution : 

During a chemical reaction the reactanls disappear and new products are 
formed. Consider the reaction between H 3 and Cl, to form HC1 according to the 
reaction 

H, + Cl 2 2HCI 

This reaction involves the breaking of H-H and CI-CI bonds and the formation 
of H-CI bonds. The structure of the product molecules is different from the 
structure of reactant molecules. A molecule is associated with certain energy. 
Because of the difference in the structures of reactant and product molecules, the 
difference in the energies of the reactant and product molecules appears as energy 
liberated or absorbed during a chemical reaction. 

Example 10.16 

Sketch the potential energy diagram of a diatomic molecule. With the help of 
the potential energy diagram, explain the energy change associated with the 
reaction H 2 +C1 2 -*2HCI. 

Solution : 

Consider an atom which is at rest and is at infinite distance from other atoms. 
Then the atom does not possess any translational kinetic energy. As we are 
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considering a single atom, il does nol possess any rotalional kinetic energy and 
vibrational energy. Then the atom possesses zero energy. If two atoms of hydrogen 
are separated from each other and they are at rest, then the energy of the atoms is 
zero. If we bring the atoms closer to each other there will be attraction and repulsion 
forces between them. The potential energy possessed by the diatomic molecule 
then appears as shown the FigE. 10.16. The potential energy of the molecule is 
the sum of the energies due to repulsion and attraction which depend on the 
interatomic distancc.Thc potential energy of a molecule reaches a minimum value 
at r r , where r r is the equilibrium interatomic distance. This state corresponds to 
the equilibrium state of the molecule. The depth of the potential well (D t ) 
represents the bond energy. A diatomic molecule has one vibrational degree of 
freedom and the energy (E) of the vibrational mode is given by • 



Where li is Planck's constant and u is the vibrational frequency of the 
molecule. If a diatomic molecule is held at a temperature of zero kelvin. it still 
possesses some amount of energy /ivi/ 2 which is called the zero point vibrational 

energy. Therefore, if we supply the energy D 0 . ^D 0 = D, - ~ /ru j which is called 

the dissociation energy, the bond betw een the two atoms breaks. 



We know that the dissociation energies of Hj. Cl, and HCI and they are 
429.78 kJ/mol; 239.3 kJ/ mol and 427.47 kJ / mol. respectively. If the reaction H, 
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+ CL,—* 2HCI is carried out at zero kelvin, the energy needed lo break the bonds 
of oii mole each of Hj and Cl; is 429.78 + 239 3 = 669.08 kJ. While the bonds in 
2 moles of HCI are formed, they liberate the energy 2 x 4 x 27.47 = 854.94 kJ. 
Therefore, the net energy liberated is 854.94 - 669.08 =185.86 kJ or 92.93 kJ / 
mol of HCI. 

Example 10.17 

Does the energy liberated or consumed during a chemical reaction depend 
on the temperature? Is it practical to calculate the energy changes associated 
with a chemical reaction at a given temperature from a knowledge of dissociation 
energies of the reactant and product molecules ? 

Solution : 

The molecules are distributed among all the possible vibrational and rotational 
states according to the Maxwell-Boltzmann distribution. This distribution is 
different at different temperatures. The dissociation energy of a molecule depends 
oh the energy state of the molecule. Moreover, when the products are formed, the 
product molecules also are distributed among all the possible vibrational and 
rotational states.Though it is possible, in principle, to calculate the energy change 
associated with a chemical reaction, it is next to impossible from a practical 
point of view. 


Example 10.18 

Is it possible to measure the energy change associated with a chemical 
reaction ? If yes, describe a simple method to measure the energy change associated 
with a chemical reaction. 



Fig.E 10.18. Schematic of a flow calorimeter. 
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Solution : 

The energy change associated wilh a chemical reaction can be easily measured 
in a laboratory with (he help of a flow calorimeter shown in FtgE. 10. 1 8. Suppose 
one mole of Hj and 1/2 mole of 0 2 at 1 bar and 298.15 K enter the reactor in 
which the reaction occurs between H 2 and Oj to form H,0 and HjO leaves the 
calorimeter at I bar and 298. 15 K. Let Q denote the energy added as heat to the 
calorimeter. Then applying the fira bw of thermodynamics to the control- volume 
(flow calorimeter), which is operating at steady - state, steady flow, we get 

Thus, by measuring Q, one can find the energy change (enthalpy change) 
associated with a chemical reaction. 


Example 10.19 

In the tables of thermodynamic properties of substances, the values are 
repotted with reference to some arbitrarily selected reference state. Is this approach 
(or the dab reported in tables) satisfactory to analyze chemical reactions ? 

Solution : 

The reference state selected for water, in steam bbles. is the triple point of 
water where the specific internal energy and entropy of saturated liquid has been 
arbitrarily assigned a zero value. Similarly the properties of Freon- 1 2 have been 
reported with reference to saturated liquid at-40°C. This approach is satisfactory 
while one evaluates the changes in the properties between two sbles of the same 
substance because while calculating the changes in the properties, the reference 
state value cancels. However, when a chemical reaction occurs, reactants disappear 
and products are formed, so differences cannot be calcubled for all substances 
involved in the reaction. For chemically reacting systems it is necessary to evaluate 
the changes in the properties in such a way that there are no ambiguities or 
inconsistencies. 

Example 10-20 

Why is it necessary to define standard stales for analyzing chemically reacting 
systems? 

Solution : 

The energy liberated or consumed during a chemical reaction depends on 
the temperature of the reactants and products. There are a large number of 
chemical reactions and these reactions can be carried out under varying conditions 
of temperature and in different ways. Therefore, H is impossible to compile the 
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Solution : 

(a) The given data is 

Nj <g) + 3H,(g> -* 2NH, (g) : A//?* = -96.11 kJ (A) 

In this reaction 2 mol NH, (g) is formed starting with I mol N 2 (g) and 3 
mol Hj (g) 

Now the given reaction is 

^N2<*)+| H 2(*)-*NH,(g) (8) 

Which yields only I mol NH,(g) consuming 1/2 mol N, (g) and 3/2 mol H ; 
(g). Here, we find the given reaction (B) is I /2x (A). Therefore. A//",, for reaction 
(8) is 1/2 x (- 96.1 1) = - 48.055 kJ 

(b) The reaction NH, (g) ^ N ; (g) + | H 2 (g) (C) 

We find that the reaction (O = - (8). Hence A for reaction (C) is 
-(-48.055) = 48.055 0 

(c) The reaction 2NH, (g)-> N, (g) + 3 H, (g) (D) 

We find that the reaction (D) = - (4). Hence A//Jj S for reaction (D) 

= — (- 96.1 1) = 96.1 ■ kJ 


Example 1005 

What is the meaning of stoichiometric coefficient ? Is there any sign 
convention for writing the stoichiometric coefficient ? 

Solution : 

Consider the reaction 

CH 4 + 2HjO -* CO + 3Hj 

Which tells that I mol of CH, reacts with 2 mol H,0 to produce 1 mol CO 
and 3 mol H,. That is 

(I) CH 4 + (2) H,0 (1) CO + (3) H, 

In this the coefficients I, 2, I and 3 associated with the chemical species 
CH 4 , HjO, CO and H, are called stoichiometric coefficients. As the reaction 
proceeds, the reactanLs are consumed and products are produced. Therefore to 
indicate the species produced (or products) and consumed (or reactants) we adopt 
the following sign convention. The stoichiometric coefficients associated with 
products are assigned a positive value and the stoichiometric coefficients 
associated with reactants ate assigned negative values. Thus, in the above example, 
the stoichiometric coefficients associated with CH 4 and H,0 are -I and -2, 
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respectively whereas the stoichiometric coefficients associated with CO and H, 
are + 1 and +3, respectively. With the above sign convention, the above chemical 
reaction can be rewritten as 


or = 0 


CO + 3H 2 + (-1 ) CH, + (-2) HjO = 0 


where u. is the stoichiometric coefficient associated with species A, 


Example 10.26 

Express the following chemical reactions as £ u/t, = 0. 

(a) 4 NHj + 5 0 2 -» 4 NO + 6 H 2 0 (fc) 2 HjS + 3 0 2 -> 2 H,0 + 2 SO, 
Solution : 

(а) The given reaction can be written as 

4 NO + 6 HjO + (-4) NH, + (-S) Oj = 0 

or 5>.4 = ° 

where u,= 4; Uj = 6; u^ = -4and u 4 = -5 

A, = NO ; A 2 = HjO; A, = NH, ; A 4 = O z 

(б) The given reaction can be expressed as 

4 

2 H 2 0 + 2 S0 2 + (-2) H 2 S + (-3) O, = 0 or £u,A,=0 

where u, = 2; u 2 = 2; u, = - 2 and u 4 = - 3 

A, = HjO ; A 2 = SO,; Aj = HjS ; A, = 0 2 


Example 10.27 

What is a formation reaction and what is meant by standard enthalpy (or 
heal) of formation? What convention is adopted in reporting the standard 
enthalpies of formation? 

Solution : 

A chemical reaction in which only one mole of a single compound is formed 
from its constituent elements is called a formation reaction. For example 

C|r)t2H J (j)+| 0 2 Of) -♦ CH,OH Of) 

is a reaction in which only one mole of a single compound CH,OH is formed 
starting from the elements C. H, and 0 2 . Hence, it is a formation reaction. It is 
possible to produce CH,OH by the following reaction also. 
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Example 10.29 

What is the advantage of compiling the standard enthalpies of formation of 
compounds ? 

Solution : 

We know that enthalpy is a state function and its change does not depend on 
the path followed by the system but depends only on the initial and final stales of 
the system. Therefore, if one is interested in calculating the enthalpy change 
when a system changes from a given initial state to a given final state, then a 
most convenient path connecting the initial and final states can be devised and 
evaluate the enthalpy change for the imaginary path instead of evaluating the 
enthalpy change for the actual path. This observation suggests that a given 
chemical reaction also can be replaced by a set of reactions such that the overall 
or net change of the set of reactions is equal to the desired chemical reaction. 
Then the enthalpy change of the desired chemical reaction is given by the net 
enthalpy change of the set of reactions which are used to replace the given chemical 
reaction. Since all compounds are formed from elements only, it is possible to 
express a given chemical reaction as an algebraic sum of several formation 
reactions. Therefore, it is advantageous to compile the standard enthalpies of 
formation of compounds from which the standard enthalpy change of a chemical 
reaction can be estimated. 

Example 10.30 

It is desired to calculate the standard enthalpy change at 298.15 K ( AZ/o!,,). 
for the reaction 

4 NH, <g) + 5 O, (g) >4 NO (g) + 6 H 2 0 (g) 

from a knowledge of the standard enthalpies of formation of the species 
involved in the reaction. Devise a method for the estimation of A//?, g and obtain 
its value. 

Solution: 

The given reaction is 

4 NH, <g) + 5 O, (g) * 4 NO (g) + 6 H 2 0 (g) 

The chemical species involved in this reaction are NH, (g). O, (g). NO (g) 
and H.O(g) of which 0 2 (g) is an element for which AW?,,, = 0 by convention. 
Now. the formation reactions for the other compounds can be written as 


2 N 2 (g) + j O 2 ($)”* NO (g) 

(A) 

H, (g) + ^ 0 2 (g) -> HjO (g) 

<fl> 
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|n j (*)+|h 1 (*)-.nh j u) (O 

O,C*)-.O 2 0() <»> 

Now the given chemical reaction is a result of 

= H x (A) + 6 x (/?)] - |4 x (O + 5 x (0)1 (£) 

Hence, the standard enthalpy change of the given reaction is Ihc net enthalpy 
change obtained from (£). That is 

Art°, = |4A H° lrn [NO (*)] + 6 [HjO (g)[ ) 

- (4 AH° /rm [NH, (*)1 + 5 AH“ W [N, (g)l) (F) 
The standard enthalpies of formation, Af/^sa of a few selected compounds 

are given in Appendix — 10. We read the following values of A/f^Tva from 
Appendix - 10. 

NO (g) = 90.435 kJ/mol ; H,0 (g) = -241.997 kJ/mol 
NH,(g)= -46.055 kj/mol 
Substituting these values in Eqn. (£), we get 

AH?* = [4 x (90.435) + 6 x (-241 .997)] - [4 x (-46.055) + 5 x (0)] 
or A)/2 ra =- 906.022 U 

Example 1031 

Obtain a general expression to calculate the standard enthalpy change at 298 
K. ( A)/2, s ) for a chemical reaction given by 

aA + bB -» rR + sS 

Solution : 

The given chemical reaction is 

aA + bB-t rR + sS (A) 

This can be rewritten as 

r* + jS-o4-kB=0 orl« ( ^ ( = 0 (B) 

where o, = r;t)j = r, o, = -o; !), = -£> ; A, = R;A 1 = S-,A } = A;A, = B 
where u is the stoichiometric coefficient associated with A r A ( can be a 
compound or element. 

The standard enthalpy change of the reaction (A) is given by 
A = lr x A H° /rn (B) + s X (S)[ - [ox A H° frn (A) + b X All a /rn (B)l 

AH^ = [X I V I AW®*. [^ - [Z I u I AH° lrn 

A^f/»s = *>, A//V [A j 


or 
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Example 1032 

Calculate the standard enthalpy change at 298. 1 5 K for the following reactions, 
from the standard enthalpies of formation data given in Appendix - 10. 

(o) 2H 2 S (g) + 3 0 2 (g) -> 2 HjO (g) + 2 SO, (g) 

<*) CH, Of) + 2 Oj (g) -»C0 2 <jf) + 2 (g) 

Solution-. 

la) The given reaction is 

2HjS (g) + 3 O, (g ) -> 2H,0 Of) + 2SO, Off) 

This reaction can be written as £ u, A, = 0, where 

l>, = 2; u, = 2; u 3 = - 2 and t> 4 = -3 
* , = HjO (jf): A, = S0 2 <g) ; A, = H 2 S (g) ; A 4 = 0 2 (g) 
Then AW^ 8 for the given reaction is given by 
A //?* = lu A W&, (A,) 

From Appendix -10, we obtain the A/fJ^ of the compounds as : 

HjO (g) = - 241.997 kJ/mol ;S0 3 (g) = - 297.263 kJ / mol; 
HjS (g) = - 20.097 kJ / mol and we know 0 2 (g) = 0. Then 

AH%, = 2 X (-24 1 .997) + 2 X (-297.263) + (-2) x (-20.097) + (-3) x (0) 

= -1038.326 kJ 
(h) The given reaction is 

CH 4 (g) + 2 Oj (g) -> C0 2 (g) + 2 HjO (g) 

This can be expressed as EuA, = 0. where 

o,= 1 ;u 2 = 2;u, = -l;u 4 = -2;A l = C0 2 (g) 

Aj = HjO (g) ; Aj = CH 4 (g) and A, = 0 2 (g). 

Then, the standard enthalpy change of the reaction at 298. IS K is given by 

Art“,= Zo i AH / 0 NI (A,) 

From Appendix - 10, we obtain the values of of ,hc compounds as 

C0 2 (g) = - 393.978 kJ / mol ; HjO (g) = - 24 1 .997 kJ / mol 
CH 4 (g)=- 74.943 kJ/mol 

Then = I x (- 393.978) + 2 X (- 241.997) 

+ (-l)x(- 74.943) 

AW5U = - 803.029 kJ 


or 
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Example 10.33 

The standard enthalpies of formation at 298. 1 5 K ( AH^yre ) f° r ’he compounds 
like methanol, benzene, etc. which exist as liquid at 298.IS K are tabulated for 
the liquid state only and not for the gas state. Suppose these species appear in the 
gas phase in a chemical reaction, how does one estimate the value of AH»t> 8 in 
the gas phase from a knowledge of A H° lrn in the liquid phase. 

Solution : 

Suppose for a compound A. we arc given (A (/)] and it is desired to 

calculate AH'l m (A (g)]. The standard stale for the liquid is pure liquid at I bar 
and the standard state for the gas is the pure gas in the ideal gas state at I bar and 
both of them arc at the same temperature 298.15 K. Then the change can be 
expressed as 

A </; I bar. 298. 1 5 K) — * A (g; I bar. 298. 1 5 K) (A) 

If the enthalpy change for this process is AH then AH, 9S [A (g)] is given by 
AH? 2M [A <g)] = A H° /2n [A (/)] + A H (fl) 

At I bar and 298.15 K, the liquid is a compressed liquid. The required phase 
change represented by Eqn. (A) can be written as a sum of the following physical 
changes. 

A (/.I bar,298.15K)-*A(/^,,298.l5K): AH, (Q 

A (/.P l .298.l5K)-»A(g.P,. 298.15 K): AH, (D) 

A (g. 298.15K) —>A(g, I bar, 298.15 K): AH, (E) 

A (/. 1 bar. 298. 1 5K) — * A(g. 1 bar. 298. 1 5 K); (AH = AH, + AH, + AH,] 
Eqn.(C) denotes the change of state of a liquid from I bar to P K (saturation 
pressure) at 298.15 K. We know that 

dH,= C f dT + v (I - p T)dP 
When T is held constant, we get 

dH,= v (I -$T)dP 

ForliquidsP=l(T , K" l andP7'« I. Therefore pr can be neglected compared 
to I and hence dH, = vdP. It is a good approximation to consider v as constant 
since liquids arc incompressible. Therefore. AH, = IdH, = vidP = vAP.Eqn.(D) 
denotes the vaporization process at constant temperature and pressure and hence 
AH, = /i /t = molar enthalpy of vaporization at 298.15 K. The Eqn(£). represents 
the change of pressure for an ideal gas at constant pressure. We know that enthalpy 
is a function of temperature only for an ideal gas and hence AH, = 0. Therefore, 
we get 


AH = vAP + h, (at 298.15 K) 
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Note 


Hence Eqn.(0) gives 

A H° /ln [A(g)J = AH° fra [A(0] + VA P * h u (ai 298. 1 5 K) 

Example 1034 

The standard state enthalpy of formation of H,0 (f) at 298. 15 K is - 285.958 
kJ/mol. Making use of the information given in steam tables calculate AW" ;Q8 for 
H 2 0(g) and compare it with the tabulated data. 

Solution : 

For water at 25° (298. 1 5 K). we get the following information from steam 
tables. 

P s = 0.031 66 bar; v,= 0.001 002 9 m'/kg; 
h f M 104.77 kJ/kg and h f = 25473 kJ/kg 

v f = 0.001 002 9 m’/kg = 1.8052 x 10 " 5 rn’/mol 
h f = 2547.3 - 104.77 = 2442.53 kJ/kg 
= 43.965 54 kJ/mol 

Therefore. 

(H 2 CXg)] = AW°298 (H,CX/)] + vAP + h M 
= - 285.958 x 10 3 + 1 .8052 x lO* 5 x (0.03166 - 1) x I0 5 + 43.965 54 x 10» 
= -241.994 21 kJ/mol 

The value of A//®^ for H 2 CHg) is reported as— 241.997 kJ/mol in Appendix 

- 10 . 


It is reasonable to ignore the term vAP ( that is the enthalpy change associated 
with the change of pressure from I bar to the saturation pressure at 298 . 15 K,l 
since the molar volume of liquid is of the order of I0 ~ 5 rir'/mol, while calculating 
A for the liquid state of a substance. 

Example 1035 

Calculate the standard enthalpy change at 298. 1 5 K for the reaction CH 4 (g) 
+ 20 2 (g) -» C0 2 (g) + 2 H 2 0 (I) from the standard enthalpy of formation of the 
compounds in the gaseous state. 

Solution : 

The given reaction is 

CH 4 (g) + 20 2 (g) -> C0 2 (g) + 2H,0 (/) A/fSjg (A) 
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This reaction can be obtained from 

CH 4 (g) + 20, 0?) — » CO, (g) + 2HjO (/) A H&, (B) 

H ; 0 (g) HjO (/) 

(B) + 2(0=M). 

Therefore. 

AHj* = AH&, (fl) + 2AH&,(C) 

Ihc values of A Hj, g of the compounds arc obtained from Appendix -10. 
They arc 

CH,(g) = - 74.943 kJ/mol; C0 2 (g) = - 393.978 kJ/mol; 
H,0(g) = - 241.997 kJ/mol. 

Then AH&, (B) = - 393.978 + 2 x (- 24 1 .997) - (-74.943) = - 803.029 kj 

The value of A (O can be obtained from 

H,0 (g, I bar, 298. 1 5 K) -> H,0 {gj> f 298. 1 5 K): AH, 

HjO (g, P. 298. 1 5 K) -» H,0 (/;P. 298. 1 5 K): AH, 

H,0 US,. 298.15 K) -> H,0 (/:! bar 298.15 K): AH, 

Adding H,CXg) -> HjCKO; AH^ (O = AH, + AH, + AH, 
or AH^g (O =0 + (- 43.966) + 0 = - 43.966 kJ/mol 

[Enthalpy of vaporization of water at 298.15 K is 43.966 kJ/ mol and the 
enthalpy change of liquid for the change of pressure from saturation pressure to 
1 bar is neglected). 

Therefore. 

AHj, 8 =AH?* (B) ♦ 2AH^g (C) = -803.029 + 2 X (- 43.966) = - 890.%! kJ 

Example 10-36 

Define a combustion reaction. What is standard enthalpy of combustion of a 
compound or an element ? 

Solution : 

A combustion reaction is defined as a reaction between an element or a 
compound and oxygen to form specified products. In case of hydrocarbons 
containing carbon, hydrogen and oxygen only, the combustion products are CO, 
and H,0. The H,0 may be present either in the gas phase or liquid phase. The 
standard enthalpy change associated with a combustion reaction is called standatd 
enthalpy (or standard heat) of combustion which is denoted by A H°. 
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Example 10.37 

How are the standard enthalpies of combustion are useful in estimating the 
standard enthalpy change of a chemical reaction? 

Solution : 

The standard enthalpy change of a chemical reaction can be easily estimated 
front a knowledge of the standard enthalpies of formation of the compounds 
involved in the reaction. Consider the cracking reaction 

CjH, (g) -* CjH 4 (g) + CH 4 (r ) 

If one is interested in calculating the standard enthalpy change of the above 
reaction, a knowledge of the standard enthalpies of formation of propane C,H„ 
lg). ethylene C,H 4 tR) and methane CH 4 (r) are needed. The formation reactions 
given below cannot be carried out in practice to determine the standard enthalpies 
of formation of the compounds. 

3C <j) + 4H 2 (r) -» C,H,(g) 

2C Is) + 2 H,(r)— > C,H 4 (r) 

C (j) + 2H. <g) — » CH 4 (g) 

Then the question that naturally arises is how to determine the standard 
enthalpy of formation of a compound, for which the formation reaction cannot 
be carried out in practice. 

Now consider the formation reaction for propane given by 

3C (s) + 4 H,(r) -» C,H 8 (r) M) 

It is possible to replace the reaction M) by the set of following reactions 

C (j) + 0 : (g) CO,<rI (fi) 

H, (r) O, (r) — * H,0 (r) (C) 

C,H,(r) + 50, (R) -* 3CO, (r) + 4H,0 (r) (/J) 

Then, we can write 

(A)= 3x(fl) + 4x(O-(0) (£) 

Eqns (B) - (D) are combustion reactions. Thus we find that the required 
formation reaction (A) is expressed in terms of combustion reactions (B) - (D). 
Hence, it is possible to determine the standard enthalpy of formation of a 
compound, for which the formation reaction cannot be carried out in practice, in 
terms of the standard enthalpies of combustion of some other elements or 
compounds. Similarly, the standard enthalpy change of a chemical reaction can 
be estimated from a knowledge of the standard enthalpies of combustion of some 
other elements or compounds. 
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Example 10.41 

Calculalc Ihc higher healing value and lower healing value of n-pentane 
CjH,j (g) ai 25°C. 

Solution : 

The combustion reaction for n-penlane is given by 

C,H 12 (S) + 8 0 : (g) .5 C0 2 (g) + 6 H 2 0 </) 

If ihc water in Ihe combustion products is in the liquid state, the standard 
enthalpy of combustion of C s H,j (g) is given by 

AHcm = - 3538.52 kJ/mol (sec Appcndix-I I ) 

Higher Heating Value, HHV = I AHcm I = 3538.52 kJ/mol 

If one mole of C S H |2 (g) is burned, it produces 6 mol H 2 0. The enthalpy of 
vaporization of water at 25°C is given by 

h,-h t = 2547.3 - 104.77 = 2442.53 kJ/kg 
= 43.9655 kJ/mol [Sec steam tables] 

Therefore, the amount of energy carried away by 6mol H,0 is 
6 x 43.9655 = 263.793 kJ 

Hence, the Lower Heating Value. LLV = 3538.52 - 263.793 
= 3274.727 kJ/mol 


Example 10.42 

The liquified petroleum gas (LPG) which is normally supplied for domestic 
use as cooking gas is a mixture of 80% propane and 20% butane by volume. In a 
kitchen stove only 50% of the heating value of the fuel is utilized and the rest is 
dissipated away to the surroundings. If it is desired to transfer 5000 kJ of energy 
as heat for cooking a particular item, estimate the volume of the fuel gas requited 
at I bar and 25°C. Assume that the combustion products leave the stove at 25”C. 

Solution : 

When ihe fuel is burned in a kitchen stove, the water in the combustion 
products is in gaseous stale. Therefore, the lower healing value only is given by 
the fuel. The composition of the fuel gas is given on volume basis which is 
equivalent to molar basis for ideal gas mixture. The combustion reaction for 
propane is given by 

C,H,(g) + 5 0,(g) -» 3 CO, (g) + 4 H 2 Ol/l 
- ~ 222 1 .54 kJ/mol [ see Appendix- 1 1 ] 

LHV = 2221.54 - 4 x 43.9655 = 2045.678 kJ/mol 

(Enthalpy of vaporization of water at 25°C = 43.9655 kJ/mol) 
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Theorietical air-fuel ratio = 



59.5mol air /mol fuel 


The combuslion equation wiih 150 percent theoretical air and 75% of carbon 
converted to CO, and the rest to CO is written as 

C, H II Wtl5x|o,( t |+l .5 x y (3.76) N 2 (g) > 6 C0 2 <*) + 

2 CO (*) + 9H,0 (g) * 7.25 O, lx) + 70.5 N 2 (g) 

The standard enthalpies of formation Aflpn °f the compounds are 

C,H |S Ig) = - 208.75 kJ / mol; CO, (g) = - 393.978kJ / mol; 
CO <g) = - 1 1 0.532 kJ / mol; H 2 0 (g) = — 24 1 ,997kJ / mol 

Then the standard enthalpy change of the reaction AWpgg in given by 

AW?,» = 6 x (- 393.978) + 2 x (-1 10-532) + 9 x (-24 1 .997) - (- 208.75) 

= -4554.155 kJ 

The air-fuel mixture is entering the engine at 1 bar and 25°C and the 
combustion products arc leaving at 400 K. Let us consider the engine cylinder as 
the control-volume as shown in Fig.E 10.45 (a) and apply the energy balance 
(ignoring KE and PE changes, steady state, steady flow) to obtain 
h t -h.= Q or AW = Q 

To evaluate AW. now let us choose a convenient path connecting the initial 
and final states as shown in FigE. 10.45 (fc). 

The actual process path is shown by a dotted line while the imaginary path is 
shown by solid line in FigE. 10.45 (fc). Then 

AW = AWj, s + AW,. 

The imaginary path indicates that chemical reaction takes place at 298.15 K 
and then the combustion products are raised to 400 K. 

400 

AW,= J(2/\ CpJT) 

29S 


The isobaric molar heat capacities of some selected gases in the ideal gas 
state are presented in Appendix -12. We obtain the following values from 
Appendix-12. 
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Species 

a 

b 

e 

co 2 

45.369 

8.688 x 10*' 

- 9.619 x IO' 

CO 

28.068 

4.631 x IO' 5 

-0.258 x10 s 

HjO 

28.850 

12.055 X 10° 

1.066 x IO' 

o. 

30.255 

4.207 x 10*’ 

- 1.887 X 10 s 

N J 

27.270 

4.930 X 10-' 

0.333 x10 s 


The molar heal capacities arc given as 
C° R = a + bT+eT- 2 

where Cp is in J/mol K ami T is in Kelvin. 

400 400 

Then A/I, = jlZjt,C°p : dT)= j(Zn,(a, + b,T + e,.r 2 )dT 

298 298 

At , , ( 1 M 

=A a (400 - 298) + — (400 * - 298=, - A e [ — - — J 

Where A a = Z na', A b = Z n l b I and Ae = £ n<v 

An = 6 x 45.396 + 2 x 28.068 + 9 x 28.850 + 7.25 x 30.255 + 70.5 X 27.27 
= 2729.884 

A b = (6 x 8.688 + 2 x 4.631 + 9 x 12.055 + 7.25 X 4.207 
+ 70.5 x 4.93) x 10*’ = 547.95 1 x 10“’ 

A e = (6 x (- 9.6 1 5) + 2 x (- 0.258) + 9 x 1 .066 + 7.25 x (- 1 .887) + 70.5 x 
0.333 lx 10' = - 38.816 x IO' 

Therefore, 

A //, =2729.884 (400 - 298) + jf 7 951x10 ’ (400- - 298 ! ) 

+ 388 |6 xl° s (i~) = 29 7 .954kJ 

Then AM = A//% g + A M, = - 4554. 1 55 + 297.954 
or AM = -4256.2 0 = 6 

Molar mass of C 5 H 18 = 1 14 x 10-' kg 

1kg C.H.,= T = 8.772 mol 

8 18 1 14x10“’ 
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Therefore, energy transferred to the engine = 8.772 x 4256.2 = 37.335 MJ 
for 8.772 mol of gasoline 



(to) 


Fig.E 10.45 (a) Control volume for energy balance (to) Convenient path to 
calculate A//. 


Example 10.46 

Liquid ethanol (C 2 H 5 OH) at I bar and 25°C is continuously sprayed into a 
reactor operating at steady — state and bums completely with 150 percent 
theoretical air which is entering at 1 bar and 25°C. The products of combustion 
leave the reactor at 1 50°C and I bar. If the rate of energy transfer from the reactor 
is 1000 kW. calculate the mass flow rate of ethanol into the reactor. 
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C,H 5 OH(0 + 1 .5(3) O, (g) + 1-5 x3x 3.76 N, (g) -* 2 C0 2 (g) + 3 H,0 (g) 
* 1.5 0 2 (g) + 16.92 N,(s) 

The standard enthalpies of formation A H^g of the compounds arc 

C,H,OH (0 = - 277.819 kJ/mol; C0 2 (g) = - 393.978 kJ/mol; 
HjO </)=*- 241.997 kJ/mol; 

AHzm = 2x (- 393.978) + 3 x(- 241.997) - (- 277.819) 

= - 1236.128 kJ 

Now. let us choose the control-volume as shown in FigE. !0.46(<i). 
Applying the first law of thermodynamics for a steady-flow, steady state 
control volume and ignoring KE and PE changes, we get 
In,A r - In, A, = Q -AH 

To evaluate AH. we can choose the convenient process path as shown in 
FigE. 1 0.46(A). Then 

AH= AH2» + AH| 

Where AH, = ](InCf)dr = J(Aa + AA7> Aer z )dT 

391 

where A a = £ np t ; Ah = In, A,; Ac = I n { e i 

The constants of the molar heat capacities as read from Appendix-1 2 are 


Constituent 

a 

Ax 10* 

cxlO-* 

co : 

45.369 

8.688 

-9.619 

HjO 

28.850 

12.055 

1.006 

°2 

30.255 

4.207 

- 1.887 

N 2 

27.270 

4.930 

0.333 


An = 2 x 45.369 + 3 x 28.85 + 1 .5 x 30.255 + 16.92 x 27.27 = 684.079 
AA = (2 x 8.688 + 3 X 1 2.055 + 1 .5 X 4.207 + 1 6.92 x 4.93) 1 0"' 

= 143.267 x 10* 

Ac= (2x(— 9.6l9)+3xl.006+ 1.5<-1.887)+ 16.92x0.333)x 10 5 = 13.416x10' 
Therefore. 

423 

AH, = J(684.079 + 143.267 x 10* 3 T- 13.416 x 10 s T 2 )dT 
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Note 


develop a general expression lo estimate the standard enthalpy change of a reaction 
at temperature T. 

Solution : 

We know that 

Art” = Art ?, g J ( lu, CjJdT) 

Ml 

If c°p =a, + b i T +c l T 1 * d,T' * ej-- 

Then I tr, Cj! =Z 11 , 0 , + 1 vbT + X tijcfT 2 + 1 VfIT ’ + 1 VfifT 
= Art + A*r+ Ac7' ! + AdT' + Ae7- 2 
Where &a = I A// = I u/>,; Ac = I tyc 4 ; Ad = I U// ( and A<* = £ tye. 

T 

Then Art? = Art™ + J (An + A/>T+ AcT 2 + Ad7" + tseT- 2 )dT 

29K 

or Art? = AH^, + Aa(r-298) + ^(r 2 -298 2 )+y 

(7-3.298 ’) + f ,T‘- 88 V Ae ( 7 - 55 ) 

or Art?=AH 0 + A fl r + fr 2 + fr J + ^-^ 

where Art 0 is a constant, the value of which can be determined from a 
knowledge of A Hj at any temperature. 


The molar heat capacities of substances are usually expressed as functions 
of temperature by one of the following relations. 

C?= a + bT+cT 2 

C° r = a*bT+cP + dr' 

C° P = Q + bT + eT- 2 

These relations can be combined and expressed in a general form as 
C° P = a + bT + cT 2 + dT } + eT~ 2 

which reduces to one of the above relations depending on the availability of 
the constants. 
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or A//,° 27 , = -32.297 kJ 

Example 10.51 

Calculate the standard enthalpy change at 500"C for the reaction 
N,(s) + 3H,(g) -> 2NH,(x) 

taking into account the variation of molar heat capacities of gases with temperature. 
Solution : 

The given reaction is 

Nj (x) + 3H,(x ) -» 2NH, (x) 

The standard enthalpy change for this reaction at 298. 1 5 K is 

AH? 9b = 2 AH 1 ] (NH,(x)| = 2 x(- 46.055) = - 92. 1 1 kJ 
The constants of the molar heat capacity expression are 

Species a ftxlO 3 exlO" 5 

NH,(x) 29.747 25.108 -1.546 

Nj(x) 27.270 4.930 0.333 

Hj(x) 27.012 3.509 0.690 


Then An = 2 x 29.747 - 27.270 - 3 x 27.01 2 = - 48.812 
A/; = (2 x 25.108 - 4.930 - 3 x 3.509) x 10"’ = 34.759 x 10"’ 
Ac = (2 x (- 1.546) - 0.333 - 3 x 0.690) X 10* = - 5.495 x 10' 

We know that Art" = AW 0 + A aT + — T" — — 
or Art" = AW„ - 48.8 1 2T + 34-759 * l0 ~ > j 1 + 


Substitute for A Hj = and T = 298 in Eqn. (A) to obtain the value 

of AH 0 . 

-92IIO = Art 0 -48.8l2 x 298 + ^Z5£^ (298|2 + li^ 

2 298 

or Art 0 = - 80.951 kJ 

Now. substitute the value of A rt 0 and T = 773 to obtain 
^, = -80951-48.812 x 7734^^(773^1^ 
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AH = 0 = AH^ + AH r 
or AH ^ 8) + J (Y.\),CpdT)p = 0 

i»») 


</»> 



Fig.E 10.53. Two-step process 10 determine the adiabatic (lame temperature. 


where the summation is over all the product species. By solving Kqn.M) one 
can determine the flame temperature. 


Kxample 10.54 

Calculate the adiabatic flame temperature when ethane C,H 6 (g) is burned 
with 1 50 percent theoretical air. The fuel and air enter the burner at I bar and 298 
K and the combustion products leave the burner at I bar. The molar heat capacities 
of CO,, HjO. Oj and N 2 are constant and are given by 53. 1 J/mol K; 41 J/mol K; 
34.3 J/mol K and 32.2 J/mol K. respectively. 

Solution : 

To determine the theoretical air-fuel ratio, the combustion reaction is 
written as 
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= 2 x <- 393.978) + 3 X (- 24 1 .997) - (- 84.573) 

= - 1429.374 kJ 

AC? = (Zu.cS ) P = 2C° P (CO,) + 3C 1 ; (H.O) + I.75C? <0 2 ) 

+ I9.74C" (Nj) 

= 2 x 53.1+3 x 41 + 1.75 x 34.3+19.74 x 32.2 
= 924.853 J/K = 0.9249 kJ / K 

We know that 

A«?„+ ) av,C°,IT) P =0 

29* 

or - 1429.374 + 0.9249 (F- 298) = 0 
or T= 1843.4 K 

Therefore, the adiabatic flame temperature = 1 843.4 K. 

Example 10.55 

Estimate the maximum flame temperature that can be attained in a burner if 
hydrogen gas at 1 bar and 298 K is used as a fuel. The oxidant also enters the 
burner at 1 bar and 298 K and the combustion products leave the burner at I bar. 
Assume that the molar heat capacity of H,0 is constant and is equal to 
41 J/ mol K. 

Solution : 

The flame temperature attains a maximum value when pure oxygen in 
stoichiometric quantity is supplied as the oxidant and the burner is adiabatic, The 
combustion also should be complete to attain maximum flame temperattire.Then 
the combustion reaction is given by 

H 3<*> + 5°2<*)-‘ H 2°<*> ' 

&H'i„ = - 241.997 kJ 

We know that + / (C? dT)^ = 0 

or =-241.997 + 41 X 10-’(T-298) = 0 
or r=6200K 
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or = -1 429374 + 768. 54(7“ -298)+ IS8 22 x . IQ . ( r 2 - 298 2 ) 


+ 12.949 x 10 s ! 


(±~L]-o 

\T 298 J 


or - 1 669769 476«.54r + l5a22 2 Xl °~ , r^lg^i^ = 0 
1684 88 

or T= 2172.65- 1.0294 x I0- 4 ?-- — — (A) 

Eqn. (A) can be solved by trial and error lo determine the value of T. Let us 
guess a value for T. say T = 1850 K and subsitute this value on the RHS of 
Eqn.(A) to obtain the revised value for T. Then 

, 1684.88 

T= 2172.65 - 1.0294 x 10' J (1850) J — 

or T = 1819.4 K 

Now. use this value T= 1 81 9.4 K as the guess value on the RHS of Eqn.(A) 
to obtain another revised value for T. Then 

T= 2172.65- 1.0294 xl 0 - 1 (181 9.4) 2 — — 


or T= 1831 K 

Continue the incrative calculations till convergence is achieved 

1 A 0.4 OC 

T= 2172.65- 1.0294 x 10-'(1831) 1 — 


or T= 1826.6 K 


or T= 1828.3 K 


T= 2172.65- 1.0294 x I0~ , (I826.6) ; - 1684 88 
1826.6 

T= 2172.65- 1.0294 x 10- 4 (I828.3) J -!^^ 
1828.3 


or T = 1 827.6 K 

The difference in the calculated value of 7"in the last two iterations is 0.7 K. 
Hence, we may assume that convergence has achieved at 7"= 1 827 K. 
Therefore, the adiabatic flame temperature = 1827 K. 
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Example 10.57 

What is a partial molar property ? 

Solution : 

The partial molar property is the change in the property of a system per mole 
of component / at constant temperature, pressure and composition (expressed in 
moles) of all other constituents of the system. We know that the state of a 
multicomponent system can be expressed in terms of temperature, pressure and 
coinposition.That is, the property enthalpy of a multicomponent mixture is given 
by 

tf= H(T,P.n,n r ...n l ) 

Where n, represents the moles of component i. Then, the partial molar enthalpy 
of component i is given by 

h, = (yO Where./*/ 


Example 10.58 

What is a chemical potential ? 
Solution : 


The chemical potential fl ( of component 
defined as 


multicomponent system is 



where J t i 


That is. the chemical potential p, of component j is the partial molar Gibbs 
free energy of component /. The Gibbs free energy of a multicomponent mixture 
is given by 

G= G ( TPji^ji,.) 

Then the differential change in the Gibbs free energy of the solution is given 
by 



= - SdT + WdP + EprM, 

From this we find that p ; is also an intensive property like T and P. The 
Gibbs free energy of a system can be expressed in terms of the chemical potentials 
of the constituent components as 
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Example 10.64 

What is mean! by standard Gibbs free energy change of a chemical 
reaction ? 

Solution : 

The standard Gibbs free energy change of a chemical reaction is defined in 
an analogous way to standard enthalpy change of a chemical reaction. We know 

that 


W 0 ™ =Iu,A« / %M 1 ) 

In a similar way. the standard Gibbs free energy charge for the reaction Lu>l ( =0 
is given byACj,, = lu A G®** (A,) whereAG° N , is the standard Gibbs free 
energy of formation of A,. By convention, the standard Gibbs free energy of 
formation of elements in their standard states have been assigned a value of zero. 
The standard Gibbs free energy change AGS,,, for the reaction 
aA + bB -*rR +sS 


is given by 


AG?,, = r A G%, s (ft) + sAG^g (5) - «AC^„ (A) 


-bAG%(B) 

The values of the standard free energy of formation at 298 K fora few selected 
compounds are given in Appendix -10 


Example 10.65 

Derive a relation to estimate the equilibrium constant from a knowledge of 
the standard Gibbs free energy change of a chemical reaction. 

Solution : 

We know that the criterion of equilibrium for a chemically reacting system is 
given by 

Iii,|t,= 0 (A) 

and we also know that the chemical potential p, of component i is defined as 

d p, = d g= RT d In f (at constant temperature) (B) 

where f = fugacity of component / 

Integrating Eqn. (B) at constant temperature from the standard state of the 
component r to the state in the multicomponent mixture gives 

p,-R° = RT\n-^ = RT\na, 



624 


ENGINEERING THERMODYNAMICS THROUGH EXAMPLES 


°N. °H. 

" < 4 , 


From Eqn ( A ) - (O, we find lhal 



(O 


Example 10.71 

The standard Gibbs free energy of formation of compounds which normally 
exist as liquid at ordinary temperatures are tabulated for the liquid state only. 
However, some times while analyzing a practical problem it is necessary to know 
the standard Gibbs free energy of formation in the gaseous stale. Develop a method 
to estimate AG® of a compound in gaseous state from a knowledge of ACJ of the 
same compound in the liquid state. 

Solution : 

We are given AGpgg for the compound in the liquid state and we would like 
to find the value of A Gj^, 8 for the compound in the gaseous state. 



Fig.E 10.7 1 . Representation of convenient path for estimating Gibbs free energy change. 

The standard state for the liquid is pure liquid at 1 bar pressure and 298. 15 K, 
while the standard state for the gas is the pure gas in the ideal gas state at the 
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Where AS 0 = standard eniropy change of the reaction 

r a(AC°/r) 1 i ( aacM ag° = as 0 ag° 
L dT J," n dT l~ T' - T~ T 2 

Since A G° = A H° - 7AS®, we obtain 
f 3(AG°/7') 1 _ ^50 A c° 

L ar Jp r r 5 F” 


We also know that AC 0 =- Win K or 


AC 0 


Therefore 


r aukCWn l _ jataK\ a h° 

l dT i'-wr— 

rainxi _ A H° 

or L Jp RT 2 

Which is known as vant Hoff equation. 

For an endothermic reaction AH 0 > 0. Therefore, the vant Hoff equation 
predicts that the equilibrium constant K increases with increasing temperature 
for an endothermic reaction. It also says that the equilibrium constant K decreases 
with increasing temperature for an exothermic reaction (A H° < 0). That is the 
vant Hoff equation predicts the effect of temperature on the equilibrium constant. 
If AH° is assumed to be constant in the temperature range T , to T v the vant Hoff 
equation can be integrated to obtain 



That is a plot of In K versus UT yields a straight line. 


Example 10.75 

The equilibrium constant K for the reaction CO (g) + H,0 (g) -* CO, (g) + 
H 2 (g)at I bar and 298 K is I.I582X 10'. Assuming that AH 0 remains constant in 
the temperature range 298 K to 1000 K, estimate the value of K at I bar and 
1000 K. 
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CO (g) + HjO <g) — » C0 2 (g) + H 2 (g) 
AH%, = - 393.978 - (- 1 10.532) - (- 241 .997) 

= -41.449 kj 

AG?* = - 394.815 - (- 137.327) - (- 228.600) 

= - 28.888 kJ 

The constants of the isobaric molar heat capacity equation are given by 


Species 

a 

b x 10 J 

r X 10~ 5 

C0 2 (g) 

45.369 

8.688 

-9.619 

H 2 (sf 

27.012 

3.509 

0.690 

CO (g) 

28.068 

4.631 

-0.258 

H,0 (g) 

28.850 

12.055 

1.006 


Aa = 45.369 + 27.012 — 28.068 — 28.850= 15.463 
4 b =(8.688 + 3.509 - 4.63 1 - 1 2.055) x I0~ 3 = - 4.489 x I O' 5 
A r =(-9.619 + 0.690- (-0.258)- 1 .006 ) x 10* =— 9.677 X 10 s 


We know that AW? = AH 0 + daT + —T 2 + —T y + —T* - — 

2 3 4 T 

The isobaric molar heat capacities are expressed a$Cp=a + bT+ el~ 2 
Then we get 

AW? = AH 0 + An 7" + ~ T 2 -y (A) 

Substitute T - 298 K and AH 0 ,,, in Eqn. (4). to obtain 
- 4.4 49 = + 15.463 x 298 ,298^ + iSgilSi 

or 4tf o = -49.l05kJ 

We know that AC? = Atf„ - daT InT - - ^T‘ - £ - IRT 

2 6 12 2 T 

When 4 c = 0 ; A d = 0. this equation reduces to 

AG? = AH 0 -AflrinT-yr 2 -^-W7- (B) 

Substitute T = 298 K and AG^, in Eqn. (B). to obtain 
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A = 2 X (-16.747) = - 33.494 kJ 
The constants of the isobaric molar heat capacities are 


Species 

a 

b x 10-' 

e x I0- 5 

NH, (g) 

29.747 

25.108 

- 1.546 

N,<*> 

27.270 

4.930 

0.333 

Hj(«) 

27.012 

3.509 

0.690 


A«= 2 x 29.747 - 27.270 - 3 x 27.012 =-48.812 
At = (2 x 25.108 - 4.930 - 3 x 3.509) x 10-’ 

= 34.759 x 10-' 

Ac =|2 x (- 1.546) - 0.333 - 3 x 0.690 ) X I0 5 = - 5.495 X 10' 

If the isobaric molar heat capacities are expressed as Cj! = a + b T + e T' 1 
The expressions for A//" and AG? are given by 

AH? = AH„ AoT + ^T 2 - y (A) 

A C?= \H„-AuT\<\T~T--^:-IRT <B) 

Substitute AH'i,, and T = 298 in Eqn. (A) to determine the value of the 
constant AW n . Then using the values of AW n . AG'S,,, and T - 298 in Eqn. (B), 
determine the value of the constant /. 

Substitute A 11%, for A//" and T = 298 in Eqn. (A) to obtain 

-92 110 = &H n - 48.8. 2 x 298 + Wi !°" (298y + 
or A//„ = - 80.95 1 kJ 

Substituting AGil,, and A H 0 in Eqn. (B) at 7" = 298 K. we obtain 
- 33 494 = - 809 51 +48.812 X 298 In 298 

— 9 — 0 :' 1298 1 3 + -I 0 ' . - /ft x 298 

2 2 x 298 


or 


/«= 116.75 
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Note chat the unit of pressure is bar. For a chemical reaction of the type 
aA+bB rR + sS 

We have 


-a 


Example 10.81 

On what factors does the equilibrium constant AT of a reaction depend ? ' 
Solution : 

We know that the equilibrium constant K is given by 


K 



where A G° = X l), g?, and 

g? = standard Gibbs free energy of component i which is a function of 
temperature only. 

Therefore, the equilibrium constant K is a function of temperature only. 


Example 10.82 

In a particular-plant employing the Haber process for the synthesis of 
ammonia, the reactor is maintained at 800 K and 25 MPa. If a stoichiometric 
mixture of nitrogen and hydrogen is fed to the reactor, estimate the percent of 
nitrogen that can be converted into ammonia and the composition of the reactor 
effluent. The equilibrium constant for the reaction N 2 (g) + 3 H 2 (g) -» 2 NH 3 (g) 
at 800 K is 1 . 1067 x I0~ 5 . Assume that the reaction mixture behaves like an ideal 
gas. 

Solution : 

The synthesis reaction is given by N 2 (g) + 3 H 2 (g) — » 2 NH 3 (g) . 

The initial feed to the reactor consists of N 2 (g) and H 2 (g) in the mole ratio 

I : 3. 
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Example 10.84 

An equimolar mixture of CH,(x) and H,0(y) enlers a reactor which is 
maintained at 1 000 K and 5 bar. The following reaction is likely to occur between 
CH, and H,0, 

CH, (X) + H.O (X) -» Cdx) + 3H, (x) 

Calculate the equilibrium constant at 1000 K and estimate the degree of 
conversion of CH, into products. Also estimate the composition of the reactor 
effluent assuming that the reaction mixture behaves like an ideal gas. 

Solution : 

The Chemical reaction which occurs is given os 

CH, (x) + H,0 (x) CO(x) + 3Hj (x) 

U<‘1„ = - 1 1 0.532 - (- 74.943) -(-241 .997) = 206.408 kJ 


= -1 37.372 -(-50.660) -(-228.600)= 141.933 kJ 
The constants of the isobaric molar heat capacities of the gases are 


Component 


b x 10-' 

ex 10 s 

d x 10’ 

e x 10-‘ 

CO (g) 


4.631 

— 

— 


h 2 (s) 

27.012 


- 

— 

0.690 

CH,(x) 

17.449 

60.449 

1.117 


— 

H,0(g) 


12.055 

- 

- 

1.006 


An = 28.068 + 3 x 27.012 - 17.449 - 28.850 = 62.805 
Ah = <4.631 + 3 x 3.509 - 60.449 - 12.055) x 1 0-' 

= -57.346x10-’ 

Ac = - 1.117x10-* 

M= 7.204 x lO"' 

A c = (-0.258 + 3 x 0.690- l.006)x I0 5 = 0.806x 10 s 
If the molar heat capacity at constant pressure is expressed as 
C?= u *bT*cP*dT'*er 

We know that 

= AW 0 + A fl r + y7- 2 + yT , + ^7- 4 -y M) 

AG ° = AH 0 -A<,T\ n T-fr--^T'-^r-%:-m 


IB) 







638 


ENGINEERING THERMODYNAMICS THROUGH EXAMPLES 


We firs! determine the constants A H 0 by using the value of Af/^g from 
Eqn. (A). 

57.346x10-’ . 


206 408 = AH„ * 62.805 x 298 - - 


- (298)’ 


1.117x10-*,,^, . 7.204xl0 J ' ,^,4 0.806x10 s 

3 ( - 98) + i (W8) 298 

or AW 0 = 190.504 kJ 

Now we use this value of AW 0 along with AG?,, in Eqn (ill to determine the 
constant /. 

141 933 = 190 504 - 62.805 x 298 In (298) (29S) 2 

+ m7x^ , , 7.204X10- _ ft«>6x.tf x ^ 

6 12 2x298 

or IR = - 186.725 

We use Eqn (B) again with the known values of A W„ and / to estimate AG^ . 


1. 1 17 x I0" 6 7.204 x lO" 9 0.806x10 s 

— (1000, — (1000) J 2xl000 _+ 1*6-725 x 1000 


,00 ° ^ 87 J (,8.314xl000j 


Let t r = degree of conversion of CH, at equilibrium 


Component 

CH 4 (g) 

HjO(g) 

CO(g) 

H,(g) 

Moles of in feed 

1 

1 

0 

0 

Moles at equilibrium 

l-e ( 

l-e. 

e f 

3e, 

Mole fraction y. 

1-E, 

l-c. 

E, 

K 

20+0 

2(1+0 

2(1 + 0 

20 + 0 
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Note 


Note 


The values ofy co ; >h, 0 ; )fco, 30(1 .Hi, will be identical to those of Example 
10.83. 


For the reaction CO lg) + Hfi ( g) -» C0 1 (g) * H, (gl where Xu, = 0, a 
decrease in pressure does not affect the degree of conversion. 

Example 10.87 

Rework Example 10.84 if the reactor is maintained at I bar instead of 5 bar. 
Solution : 

We have K= 30.423; 


K = — ( ^ 1 and Xu, = 2 

’ 4 |(l-e f )(l + £ f )J 

K= K lP iv. = /f t (l) 2 = K y 

30 - 423 = or£ - 0 - 8245 

Therefore, the degree of conversion of CH 4 = 0.8245 


)bt, = Ht.o = ~ — 0 0481 
>co = 




2(I + E r ) 

. 

2(1 + C,> 


2(1 +e r ) 

= 0.2259 


0.6779 


For the reaction CH t (g) + 11,0 lg) -* CO (g) + 3 H t Ig) where X u, = 2 > 
0. a decrease in pressure increases the degree of conversion. 


Example 10.88 

It is known that the equilibrium constant AT of a reaction depends only on 
temperature. How does the pressure effect the degree of conversion of the reactants 
into products when all other variables like temperature, ratio of reactants etc. are 
held constant ? 
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Total Moles = ( I - e r ) + ( 5 - 3e.) + 2e, = 6 - 2 e € = 2 (3 — £,) 
P= 25 MPa = 250 bar 
Iu,= 2 + (-l) + <- 3) = -2 


AT, = n y"' 


{2e,/2(3-e f )} : = f |4e, (3-e,)) 2 | 

l-r, | 5-3e, •' l(l-e,)(5-3E,) J j 

2(3-E,)|2(3-e,) 


K= K^' 


or 




or £ = 0.4337 

Therefore, 43.37% of N 2 (g ) is convened into NH,. 
The composition of the reactor effluent is given by 


l-e, 

>N:_ 2<3-£,) = 


0.1103 


>'H, = 


5-3e, 

2 (3 — e e ) 


= 0.7207 


>'NH, = 


2e, 

2(3-6.) 


0.1690 


Note Compart the degree of conversion of N } (g) into NH,(g) which is 0.3067 in 

Example 10.82 when stoichiometric mixture of N } (g) and H, (g) is used. In 
Example 10.89 when excess H . (g) is used, the degree of conversion of N 2 lg) 
increased to 0.4337 under identical conditions of temperature and pressure. 

Example 10.90 

A mixture of CO(g) and H,0 lg) in the mole ratio 1 :2 enters a reactor which 
is maintained at 10 bar and 1000 K. The CO (g)and H,0 lg) react according to 
the equation 

CO (g) + HjO lg) -* CO, (g) + Hj (g) 

The equilibrium constant for this reaction at 1000 K is 1.5. Assuming that 
the reaction mixture behaves like an ideal gas, determine the degree of conversion 
of CO (g). 
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Solution : 

The given reaction is 
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CO ( g ) + H,0 ( g ) C0 2 (g) + H 2 (g) 
Lei e c = degree of conversion of CO (g) at equilibrium. 


Component 

CO lg) 

HjOfg) 

co.fg) 

H 2 <*) 

Moles in feed 

1 

2 

0 

0 

Moles at equilibrium 

1 -c. 

2-e, 

£, 

£ f 

Mole fraction v, 

*z£c 

3 

2-e, 

3 

3 

h. 

3 

Total moles = ( 1 - 

■ e € ) + (2 - £,) + £, + £,= 3 



K, = n 

,__(i 

XI) . 

£ 


, - (J? 

)(¥)'"■ 

-£,)(2-e,) 



P= lObar; 

Xu = 0. 




We know that K=K y P b ‘‘ 

or 1.5 = ^ (10)° = — 

<l-e,)(2-e r ) (l-E,)(2-e,) 

or e r = 0.725 1 

Therefore. 72.5 1 % of CO (g) in the feed will be converted inlo COj ( g ). 


Note Compare the value of t r = 0.550S when stoichiometric mixture of CO (g) and 

H ,0 (g) are used in Example 10.83. with the xalue e r - 0. 725 1 when excess H 2 0 
lg) is used in Example 10.90. while other parameters are held constant. 

Example 10.91 

Some of Ihe reactants used in a chemical reaction may be expensive and in 
such cases it is necessary to increase the degree of conversion with respect to that 
reactant. Since the equlibrium constant depends only on temperature, a change 
in temperature effects the equilibrium constant. Is it possible to obtain a higher 
degree of conversion by changing the ratio of reactants fed to the reactor while 
temperature is held constant? 
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Example 10.93 

If a mixture of CO (g), H,0 (g) and He(g) in the mole ratio 1:1:2 enters a 
reactor which is maintained at 10 bar and 1000 K the following reaction occurs 
between CO and HjO with an equilibrium constant K = 1 .5. 

CO (g) + H jO <g) -» CO j (g) + H : (g) 

Assuming that the reaction mixture behaves like an ideal gas estimate the 
degree of conversion. 

Solution : 

The reaction is given by 

CO(g) + H.O(g) -» CO,(g) + H 2 (g) 

Let E r = degree of conversion at equilibrium. 


Component CO(g) 

H,0(g) COj(g) 

H 2 (g) 

He (g) 

Moles in feed 1 

1 0 

0 

2 

Moles at (1-E,) 

equilibrium 

<I-e,) e. 

e r 

2 

Mole fraction v 

A 

c e 

2 

4 

4 4 

T 

4 


Total Moles = (1-E r ) + (1-E,) + £ f + E f +2 = 4 



P= 10 bar; Lu, = 0 

We know that K = K y P 1 ”' = K f ( 10)° = K y 
Therefore, 

'• 5= (rh:) o,E .= 0 5505 

Therefore the degree of conversion = 0.5505 






COMBUSTION AND CHEMICAL THERMODYNAMICS 


649 


K _ n R n S _ j-l »A + *R + n R + n S + n l 

n h n « V P 

At a specified lemperalure K is constan! and al the specified pressure P is 
constant. Therefore, the RHS of Eqn.(B) depends on (n, + «, + «„ + n. + /j,)*-”- 
and hence also depends on the same factor. For a chemical reaction in which 
(£t>. = 0) there is no change in the number of moles due to chemical reaction K n 
docs not change. In other words, the addition of inert gases has no effect on the 
degree of conversion for a chemical reaction in which Zu ( = 0 [See Example 
10.93). If there is a decrease in the number of moles (Lu < 0) due to chemical 
reaction, K n decrease even though K is constant. That is less products are formed 
or the degree of conversion decreases on addition of inert gases [sec Example 
10.92). On the other hand, if the number of moles increases (£\>> 0) due to 
chemical reaction, the addition of inert gases increases the degree of conversion. 
In a chemical reaction the effect of addition of inert gases on the degree of 
conversion is equivalent to a decrease in pressure. 

Example 10.95 

A mixture of COtg). H ,0(g) and H,(g) in the mole ratio 1 : 1 :0.S is fed to a 
reactor which is maintained at lObar and 1000 K. in which the following reaction 
takes place 

CCXg) + H.OCe) -> CO,(g) + H,(gl 

Assuming that the gas mixture behaves like an ideal gas and K = 1.5 for the 
above reaction at 1000 K. calculate the degree conversion. 

Solution: 

Let t r = degree of conversion at equilibrium. 


Component 

CCXg) 

HjCXg) 

C0 2 (g) 

H,(g) 

Moles in feed 

1 

1 

am. 


Moles at equilibrium 

(!-£,) 

(!-£,) 

K 


Mole fraction v, 

!•-£, 

2.5 

2.5 



Total moles = (l- 

E^ + d- 

E,) + £, + £, + 0.5 = 

2.5 



K, = fl - Me,+°.S) 

' (l-e ,) 2 
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P= lObar. I\>, = 0 
Wc know that K - K y 


Therefore, 


1.5 = 


t, <e f + 0.5) (|qji , e, (g , + 0- 5) 


or E c = 0.4586 


Note The degree of conversion without adding one of the products {H 2 ) under 

identical conditions of temperature and pressure is 0.5505 / see Example 10.83 /. 
Thus addition of products to the initial reaction mixture decreases the degree of 
conversion. 


Example 10.96 

What is the effect of the presence of the products in the initial feed to a 
reactor, on the degree of conversion of reactants into products? 

Solution : 

Suppose a chemical reaction given by 

aA * bB -» rR + sS 

occurs at a specified temperature and pressure. Then we know that 


k= K,p tu ‘=n$'{P iv -)=p I '‘‘ 




or 


"a "* 



From the above equation it can be easily seen that if the products R or S or 
both present in the initial feed, then the moles formed due to reaction are (n K - 

«2) or (n s - /ij ) where and n“ denote the moles of R and S in the initial feed. 
That is. the presence or addition of products in the initial feed decreases the 
degree of conversion of the reactants into products. 
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C,H 4 o?) * H,0(S) ->CO( X ) + 3Hj<*> (A ) 

CO (g) + HjOijr) — » C0 2 (g) + H 2 (a?) (HI 

At 1000 K, the equilibrium constants for the reactions (A) and l/f) are given 
by K a = 30 and K B = 1.5. Assuming that the reaction mixture behaves like an 
ideal gas. calculate the composition of the reactor effluent. 

Solution : 

Let e, = degree of conversion of H,0 ( ?) in reaction (A) 

E s = degree of conversion of H 2 0 (g) in reaction 18) 

Component CH 4 (g) H.O Ig) CO (g) CO 2 (g) H ; (g) 

Moles in feed II 0 0 0 

Moles at I- Eg I- Eg- £„ Eg- e b e b 3Eg + e 0 

equilibrium 

I~Ea I-Ea-e b e A -e„ Eg -''Eg a- E g 

2(I + Eg) 2(I+Eg) 2(I+Eg) 2( 1 + Eg ) 2(I+Eg) 


Mole fraction v 
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(e, -e.M3e 4 + e,)'_ 


4(l + E^(l-e,)(l-£,-£ s ) 


(e^-e # )(I-e^-e,) 

Eqns. (O and (D) can be solved simultaneously to obtain the values of £ 4 
and t B . Let us assume that E„ = 0.0626 and substitute this in Eqn. (D) to obtain 

0.0626 (3e 4 +0.0626) [; 

(E 4 - 0.0626)0 - E 4 -0.0626) 

or e 4 = 0.7980 and 0.0768 

Now substitute the value £_, = 0.7980 and e B = 0.0626 in Eqn (C) to verify 
whether it is satisfied or not. Then we find LHS of Eqn.(C) = 29.9415 = 30 = 
RHS. Hence, our guess value c B = 0.0626 is correct. 

Therefore, we have c A = 0.7980 and e b = 0.0626. 

The composition of the reaction mixture at equilibrium is given by 

.v™ = 1-6/1 =0.0562 

2 < l + £ 4> 


)m= — — = 0.0174 

2(1 + e 4 ) 


0.6831 
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Saturated steam : Pressure table * 


Pressure Temperature Specific volume Specific enthalpy Specific entropy 


/•(bar) ICO v ; (m'/kfj *,<«'/ kf> A, (U/kj) * (UAg) kJ/kg K) i, (U/kp K) 


0.01 

6.9828 

0.001 000 1 

129.20 

29.34 

2514.4 

0.1060 

8.9767 

0.05 

32.8980 

0.001 005 2 

28.19 

137.77 

2561.6 

04763 

8.3960 

0.10 

45.8330 

0 .001 010 2 

14.67 

191.83 

2584.8 

06493 

8.1511 

0.15 

53.9970 

0.001 014 0 

10.02 

225.97 

2599.2 

0.7549 

8.0093 

0.20 

60.0860 

0.001 017 2 

7.650 

251.45 

2609.9 

0.8321 

7.9094 

0.3 

69.1240 

0.001 022 3 

5.229 

289.30 

2625.4 

0.9441 

7.7695 

0.4 

758860 

0.001 026 5 

3.993 

317.65 

2636.9 

1.0261 

7.6709 

0.5 

81.3450 

0.001 030 1 

3.240 

340.56 

2646.0 

1.0912 

7.5947 

0.6 

85.9540 

0.001 033 3 

2.732 

359.93 

2653.6 

1.1454 

7.5327 

0.7 

89.9590 

0.001 036 1 

2.365 

376.77 

2660.1 

1.1921 

7.4804 

0.8 

93.5120 

0.001 038 7 

2.087 

391.72 

2665.8 . 

1.2330 

7.4352 

0.9 

96.7130 

0.001 041 2 

1.869 

405.21 

2670.9 

1.2696 

73954 

1.0 

99.6320 

0.001 (M3 4 

1.694 

417.54 

2675.4 

1.3027 

7.3598 

1.5 

111.3700 

0.001 053 0 

1.159 

467.13 

2693.4 

1.4336 

7.2234 

2.0 

120.2300 

0001 060 8 

0.8854 

504.70 

2706.3 

1.5301 

7 1268 

2.5 

127.4300 

0001 067 5 

0.7184 

535.34 

2716.4 

1.6071 

7.0520 

3.0 

133.5400 

0.001 073 5 

0.6056 

561.43 

2724.7 

1.6716 

6.9909 

3.5 

138 8700 

0.001 078 9 

0.5240 

584.27 

2731.6 

1.7273 

6.9392 

4.0 

14.16200 

0001 CW1 9 

0.4622 

604.67 

2737.6 

1.7764 

68943 

5.0 

151.8400 

0.001 092 8 

0.3747 

640.12 

2747.5 

1.8604 

68192 

6.0 

158.8400 

0.001 1009 

0.3155 

670.42 

2755.5 

1.9308 

6.7575 

7.0 

164.9600 

0.001 108 9 

0.2727 

697.06 

27610 

1.9918 

6.7052 

8.0 

1704100 

0.001 115 0 

0.2403 

720.94 

2767.5 

2.0457 

6.6596 

9.0 

175.3600 

0.001 121 3 

0.2148 

742.64 

2772.1 

2.0941 

6 6192 

10.0 

179.8800 

0.001 127 4 

0.1943 

762.61 

2776.2 

2.1382 

6.5862 
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Pressure Temperature Specific volume 

Specific enthalpy 

Specific entropy 

film) 

ICO 

»,(■'/ »t> 

v (m’/kf) A, (U/kg) 

A, tkJ/kg) 

s t (kJ/kg K) 

(kJ/kg K) 

11.0 

184.0700 

0.001 133 1 

0.1774 

781.13 

2779.7 

2.1786 

6.5497 

12.0 

187.9600 

0.001 138 6 

0.1632 

798.43 

2782.7 

2.2161 

6.5194 

13.0 

191.6100 

0.001 143 8 

0.151 1 

814.70 

2785.4 

2.2510 

6.4913 

14.0 

195.0400 

0.001 148 9 

0.1407 

830.08 

2787.8 

2.2837 

6.4651 

15.0 

198.2900 

0.001 153 9 

0.1317 

844.67 

2789.8 

2.3145 

6.4406 

16.0 

201.3700 

0.001 158 6 

0.1237 

858.56 

2791.7 

2.3436 

6.4175 

17 0 

204.3100 

0.001 163 3 

0.1166 

871.84 

2793.4 

2.3713 

6.3957 

18.0 

207.1100 

0.001 167 8 

0.1103 

884.58 

2794.8 

2.3976 

6.3751 

19.0 

209.8000 

0.001 172 3 

0.1047 

896.81 

2796.1 

2.4228 

6.3554 

20.0 

212.3700 

0.001 176 6 

0 099 54 

908.59 

2797.2 

2.4469 

6.3367 

25 

223.9400 

0.001 197 2 

0.079 91 

961.96 

2800.9 

2.5543 

6.2536 

30 

233.8400 

0.001 216 3 

0.066 63 

1008.40 

2802.3 

2.6455 

6.1837 

35 

242.5400 

0.001 234 5 

0.057 03 

1049.80 

2802.0 

2.7253 

6.1228 

40 

250.3300 

0.001 252 1 

0.049 75 

1087.40 

2800.3 

2.7965 

6.0685 

45 

257.4100 

0.001269 I 

0.044 04 

1122.10 

2797.7 

2.8612 

6.0191 

50 

263 9100 

0.001 285 8 

0.039 43 

1154.50 

2794.2 

2.9206 

5.9735 

60 

2753500 

0.001 318 7 

0.032 44 

1213.70 

2785.0 

3.0273 

5.8908 

70 

SO 

285.7900 

294.9700 

0.001 351 3 
0.001 384 2 

0.027 37 
0.023 53 

1267.40 

1317.10 

2773.5 

2759.9 

3.1219 

3.2076 

5.8162 

5.7471 

90 

303.3100 

0.001 4179 

0.020 50 

1363.70 

2744.6 

3.2867 

5.6820 

100 

310.9600 

0.001452 6 

0.018 04 

1408.00 

2727.7 

3.3605 

5.6198 

120 

324 6500 

0.001 526 8 

0.014 28 

1491.80 

2689.2 

3.4972 

5.5002 

140 

336.6400 

0.001 6106 

0.01 1 50 

1571,60 

2642.4 

3.6242 

5.3803 

160 

347.3300 

0.001 710 3 

0.009 308 1650.50 

2584.9 

3.7471 

5.2531 

ISO 

356.9600 

0001 839 9 

0.007 498 

1734 80 

2513.9 

3.8765 

5.1128 

200 

365.7000 

0.002 037 0 

0.005 877 

1826.50 

2418.4 

4.0)49 

4.9412 

220 

373.6900 

0.002 6714 

0.003 728 2011.10 

2195.6 

4.2947 

4.5799 

221.20 

374.1500 

0.003 17 

0.003 17 

2107.40 

2170.4 

4.4429 

4.4429 


Reprinted from Chandrasekaran. K.D. and Venkateswarlu, D ..SI Units in Chemical Engineering 
and Technology. Chemical Engineering Education Development Centre. IIT-Madras (1974). 
with permission from Chairman. Centre for Continuing Education. IIT-Madras. 
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Temperature Pressure Specific volume Specific enthalpy Specific entropy 


»eo 

P(har) 

ym’/ljl » 

(mV kg) /i, (kJ/kfi \ (kJAg) t f t 

U/kgK) i 

, (kJ/kg K) 

135 

3.131 

0.001 075 0 

0.5818 

567.68 

2726.6 

1.6869 

6.9766 

140 

3.614 

0.001 080 1 

0.5085 

589.10 

2733.1 

1.7390 

6.9284 

145 

4.155 

0.001 085 3 

0.4460 

610.60 

2739.3 

1.7906 

6.8815 

150 

4.760 

0.001090 8 

0.3924 

632.15 

2745.4 

1.8416 

6.8358 

155 

5.433 

0.001 0964 

0.3464 

653.78 

2751.2 

1.8923 

6.7911 

160 

6.181 

0.001 102 2 

0.3068 

675.47 

2756.7 

1.9425 

6.7475 

165 

7.008 

0.001 108 2 

0.2724 

697.25 

2762.0 

1.9923 

6.7048 

170 

7.920 

0.001 114 5 

0.2426 

719.12 

2767.1 

2.0416 

6.6630 

175 

8.924 

0.001 120 9 

0.2165 

741.07 

2771.8 

2.0906 

6.6221 

180 

10.027 

0.001 127 5 

0.1938 

763.12 

2776.3 

2.1393 

6.5819 

185 

11.233 

0.001 134 4 

0.1739 

785.26 

2780.4 

2.1876 

6.5424 

190 

12.551 

0.001 141 5 

0.1563 

807.52 

2784.3 

2.2356 

6.5036 

195 

13.987 

0.001 148 9 

0.1408 

829.88 

2787.8 

2.2830 

6.4654 

200 

15.549 

0.001 156 5 

0.1272 

852.37 

2790.9 

2.3307 

6.4278 

205 

17.243 

0.001 164 4 

0.1150 

874.99 

2793.8 

2.3778 

6.3906 

210 

19.077 

0.001 172 6 

0.1042 

897.74 

2796.2 

2.4247 

6.3539 

215 

21.060 

0.001 181 I 

0.094 63 

920.63 

2798.3 

2.4713 

6,3176 

220 

23.198 

0.001 190 0 

0.086 04 

943.67 

2799.9 

23178 

6.2817 

225 

25.501 

0.001 199 2 

0.078 35 

966.89 

2801.2 

2.5641 

6.2461 

230 

27.976 

0.001 208 7 

0.071 45 

990.26 

2802.0 

2.6102 

6.2107 

235 

30.632 

0.001 218 7 

0.065 25 

1013.80 

2802.3 

2.6562 

6.1756 

240 

33.478 

0.001 229 1 

0.059 65 

1037.60 

2802.2 

2.7020 

6.1406 

245 

36.523 

0.001 239 9 

0.054 61 

1061.60 

2801.6 

2.7478 

6.1057 

250 

39.776 

0.001 251 3 

0.050 04 

1085.80 

2800.4 

2.7935 

6.0708 

255 

43.246 

0.001 263 2 

0.045 90 

1110.20 

2798.7 

2.8392 

6.0359 

260 

46.943 

0.001 275 6 

0.042 13 

1134.90 

2796.4 

2.8848 

6.0010 

270 

55.058 

0.001 302 5 

0.035 59 

1185.20 

2789.9 

2.9763 

5.9304 

280 

64.202 

0.001 332 4 

0.030 13 

1236.80 

2780.4 

3.0683 

5.8586 

290 

74.461 

0.001 365 9 

0.025 54 

1290.00 

2767.6 

3.1611 

5.7848 

300 

85.927 

0.001 404 1 

0.021 65 

1345.00 

2751.0 

3.2552 

5.7081 

310 

98.700 

0.001 448 0 

0.018 33 

1402.40 

2730.0 

3.3512 

5.6278 

320 

112.890 

0.00! 499 5 

0.015 48 

1462.60 

2703.7 

3.4500 

5.5423 

330 

128.630 

0.001 561 5 

0.012 99 

1526.50 

2670.2 

3.5528 

5.4490 

340 

146.050 

0.00! 638 7 

0.010 78 

1595.50 

2626.2 

3.6616 

5.3427 

350 

165.350 

0.00! 741 1 

0.008 799 

1671.90 

2567.7 

3.7800 

5.2177 

360 

186.750 

0.001895 9 

0.006 940 

1764.20 

2485.4 

3.9210 

5.0600 

370 

210.540 

0002213 6 

0.004 973 

1890.20 

2342.8 

4.1108 

4.8114 

374.15 

221.200 

0.003 17 

0.003 17 

2107.40 

2107.4 

4.4429 

4.4429 


Reprinted from Chandrasckaran. K.D. andVcnkatcswarlu, D ..SI Units in Chemical Engineering 
and Technology, Chemical Engineering Education Development Centre. IIT-Madras (1974), 
with permission from Chairman. Centre for Continuing Education. IIT-Madras. 
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Pressure (bar) 
(saturation 



Temperature ("C) 



300 

400 

500 600 

700 

800 

temperature) 


18 

v 

0.1402 

0.1684 

0.1954 

0.2219 

0.2481 

0.2742 

(207.1 1*0 

6 

3030.7 

3251.9 

3469.5 

3690.9 

3917.7 

4150.3 


' 

6.8257 

7.1816 

7.4830 

7.7522 

7.9981 

8.2256 

19 

, 

0.1325 

(1.1593 

0.1849 

0.2101 

0.2350 

0.2597 

(209.800 

6 

3027.9 

3250.3 

3468.4 

3690.0 

3917.1 

4149.9 


* 

6.7970 

7.1550 

7.4570 

7.7265 

7.9727 

8.2003 

20 


0.1 25S 

O.ISII 

0.1756 

0.1995 

0.2232 

0.2467 

(212.37*0 

6 

3025.0 

3248.7 

3467.3 

3689.2 

3916.5 

4149.4 


' 

6.7696 

7.1296 

7.4323 

7.7022 

7.9485 

8.1763 

22 

r 

0.113 43 

0.137 00 

0.159 34 

0.181 19 

0.202 76 

0.224 15 

(217.24*0 

6 

3019.3 

3245.5 

3465.1 

3687.6 

3915.2 

4148.4 


* 

6.7179 

7.0821 

7.3862 

7.6568 

7.9035 

8.1316 

24 

„ 

0.103 36 

0.125 22 

0.145 82 

0.165 92 

0.185 75 

0.205 39 

(221.78*0 

6 

3013.4 

3242.3 

3462.9 

3685.9 

3914.0 

4147.5 



6.6699 

7.0384 

7.3439 

7.6152 

7.8624 

8.0908 

26 

y 

0.094 83 

0.115 26 

0.134 38 

0.153 01 

0.171 35 

0.189 52 

(226.04*0 

6 

3007.4 

3239.0 

3460.6 

3684.3 

39127 

41466 



6.6249 

6.9979 

7.3048 

7.5768 

7.8245 

8.0531 

28 

v 

0.087 51 

0.106 71 

0.124 58 

0.141 94 

0.159 02 

0.175 91 

(230.050 

6 

3001.3 

3235.8 

3458.4 

3682.6 

3911.5 

4145.6 


' 

6,5824 

6.9601 

7.2685 

7.5412 

7.7893 

8.0183 

30 

y 

0.081 16 

0.099 31 

0.116 08 

0.132 34 

0.148 32 

0.164 12 

(233.84*0 

6 

2995.1 

3232.5 

3456 2 

3681.0 

3910.3 

4144.7 


' 

6.5422 

6.9246 

7.2345 

7.5079 

7.7564 

7.9857 

32 

y 

0.075 59 

0.092 83 

0.108 65 

0.123 95 

0.138 97 

0.153 81 

(237.45*0 

h 

2988.7 

3229.2 

3454.0 

3679.3 

3909,0 

4143.8 


• 

6.5037 

6.8912 

7.2026 

7.4767 

7.7257 

7.9552 

34 

y 

0.070 68 

0087 II 

0102 09 

0.11657 

0.130 71 

0.144 70 

(240.88*0 

h 

2982.2 

3225.9 

3451.7 

3677.7 

3907.8 

4142.8 


‘ 

6.4669 

6.8595 

7.1724 

7.4473 

7.6967 

7.9266 

36 * v 

0.066 30 

0.082 02 

0096 26 

0.109 96 

0.123 37 

0.136 61 

(244.16*0) 

h 

2975.6 

32223 

3449.5 

3676.1 

3906.5 

4141.9 


* 

6.4315 

6.8294 

7.1439 

7.4195 

7.6693 

7.8995 



662 


ENGINEERING THERMODYNAMICS THROUGH EXAMPLES 


Pressure (har) 

(saturation 

temperature) 


Temperature PC) 



300 

400 

500 

600 

700 

800 

38 


0062 37 

0 077 47 

0.091 Ol 

0104 06 

0.116 81 

0.129 37 

<247.310 

h 

2968.9 

3219.1 

3447.2 

3674.4 

3905.3 

4141.0 


> 

6.3973 

6.8007 

7.1168 

7.3931 

7.6434 

7.8739 

40 

v 

0.058 83 

0073 38 

0 086 34 

0.098 76 

0.110 90 

0.122 85 

<250.33-0 

h 

2962.0 

3215.7 

3445.0 

3672.8 

3904.1 

4140.0 


* 

6.3642 

6.7733 

7.0909 

7.3680 

7.6187 

7.8495 

4.5 


0.051 34 

0064 72 

0 076 43 

0 087 57 

0.098 43 

0.109 10 

<257.41-0 

h 

2944.2 

3207.1 

3439.3 

3668.6 

3901 .0 

4137.7 


1 

6.2852 

6.7093 

7.0311 

7.3100 

7.5619 

7.7934 

50 

r 

0 (U5 30 

0 057 79 

0.068 49 

0.078 62 

0.088 45 

0.098 09 

<263.910 

6 

2925.5 

3198 3 

3433.7 

3664.5 

3897.9 

4135.3 


1 

6.2105 

6.6508 

6.9770 

7.2578 

7.5108 

7.7431 

60 


0.036 14 

0017 38 

0.056 59 

0065 18 

0.073 48 

0.081 59 

(275.55-C) 

/« 

2885.0 

3180.1 

3422.2 

3656.2 

3891.7 

4130.7 


1 

6.0692 

6.5462 

6.8818 

7.1664 

7.4217 

7.6554 

70 

»• 

0.029 46 

0.039 92 

0018 09 

0.055 59 

0.062 79 

0.069 80 

<285.790 

h 

2839.4 

3161.2 

3410.6 

3647.9 

3885.4 

4126.0 



5.9327 

6.4536 

6.7993 

7.0880 

7.3456 

7.5808 

80 


0 024 26 

0 034 31 

OOll 70 

0 048 39 

0 054 77 

0.060 96 

(294.970 

h 

27868 

3141.6 

3398.8 

3639.5 

3879.2 

4121.3 



5.7942 

63694 

6.7262 

7.0191 

7.2790 

7.5158 

90 



0.030 73 

0 037 W 

0012 80 

0.048 53 

0.054 08 

<303.310 

/i 


3125.3 

33892 

3631.1 

3873.0 

4116.7 


1 


6.3067 

6.6728 

6.9574 

7.2196 

7.4579 

100 

„ 


0026 41 

0032 76 

0 038 32 

0.(M3 55 

0.048 58 

<310960 

/l 


3099.9 

3374.6 

3622.7 

3866.8 

4112.0 


' 


6.2182 

6 5994 

6.9013 

7.1660 

7.4058 

IK) 



0.023 51 

0 029 50 

0 034 66 

0.039 47 

0 048 58 

(318.05*0 

h 


3077.8 

3362.2 

3614.2 

3860.5 

4107.3 


1 


6.1483 

6.5432 

6.8499 

7.1170 

7.3584 

120 

v 


0021 08 

0 026 73 

0031 60 

0.036 07 

0 040 33 

<324.650 

/■ 


30548 

3349.6 

3605.7 

3854.3 

4102.7 


J 


6.0810 

6.4906 

6.8022 

7.0718 

7.3147 

130 

V 


0.019 02 

0024 40 

0 029 02 

0.033 19 

0.037 16 

(330.83*0 

h 


3030.7 

3336.8 

3597.1 

3848.0 

4098.0 


1 


6.0155 

6.4409 

6.7577 

7.0298 

7.2743 
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Pressure (bar) 
(saturation temper 


Temperature CO 


400 

500 

600 

700 

800 

140 

v 

0 017 23 

0.022 51 

0.026 90 

0.030 72 

0.034 44 

(336 640 1. 

3005.6 

33238 

3588. 5 

3841.7 

4093.3 


' 

5.9513 

6.3937 

6.7159 

6.9906 

7.2367 

150 

v 

0.015 66 

0 020 80 

0.024 88 

0.028 59 

0.032 09 

(342. 13*0 1, 

2979.1 

33106 

3579.8 

3835.4 

4088.6 


• 

5.8876 

6.3487 

6.6764 

6.9536 

7.2013 

175 

V 

0.012 46 

0.017 36 

0.021 72 

0.025 07 

0.028 21 

(354.64’C) h 

2906.3 

32765 

3562.2 

3822.8 

4079.3 


‘ 

5.7274 

6.2432 

6.6031 

6.8857 

7.1366 

200 

v 

0.009 947 

0.014 77 

0.018 16 

0.021 II 

0.023 85 

(365.700 h 

2820.5 

3241.1 

3535.5 

380.3.8 

4065.3 



5.5585 

6.1456 

6.5043 

6.7953 

7.0511 

220 

v . 

0.008 251 

0.013 12 

0.016 33 

0.019 07 

0.021 60 

(373.690 h 

2738.8 

3211 7 

3517.4 

3791.1 

4055.9 



5.4102 

6.0716 

6.4441 

6.7410 

7.0001 

250 


0.006 014 

0.011 13 

0.014 13 

0.016 63 

0.018 91 


h 

2582.0 

31659 

3489.9 

3771.9 

4041.9 



5.1455 

5.9655 

6.3604 

6.6664 

6.9306 

300 

v 

0.002 831 

0.008 681 

0.011 44 

0.013 65 

0.015 62 


h 

2161.8 

30850 

3443.0 

3739.7 

4018.5 


‘ 

4.4896 

5.7975 

6.2340 

6 5560 

6.8288 

400 

v 

0.001 909 

0.005 616 

0.008 088 

0.009 930 

0.011 52 


h 

1934.1 

29068 

3346.4 

3674.8 

3971.7 


1 

4.1190 

5.4762 

6.0135 

6.3701 

6.6606 

500 

v 

0.001 729 

0 003 882 

0.006 1 1 1 

0.007 720 

0 009 076 


h 

1877 7 

2723.0 

3248.3 

3610.2 

3925.3 


» 

4 0083 

5.1782 

5.8207 

6.2138 

6.5222 

1000 


0.001 446 

0001 893 

0.002 668 

0.003 536 

0.004 341 


h 

1797.6 

2316 1 

2857.5 

3324.4 

3714.3 


• 

3.7738 

4.4913 

5.1505 

5.6579 

6.0397 


Adapted from Chandrasekaran. K.D. and Venkaieswarlu. D ..SI Units in Chemical Engineering 
and Technology. Chemical Engineering Education Development Centre. HT-Madras (1974). 
with permission from Chairman. Centre for Continuing Education. I IT- Madras. 
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Critical constants oj some selected substances * 


Compound 


Critical 

lerop 

r.iKi 

Critical 
prru.ii rr 

r. (ban 

Critical 
volume 
r, tm'/mol) 

Critical 

comprvsil- 
Irilily i t 

Inorganic compound* 

Ammonia 

Nil, 

40S.50 

112 77 

0.0725 

0.243 

Aigon 

A 

151.20 

48.64 

0.075 

0.290 

Bromine 

Br, 

584.00 

103.35 

0.114 

0.306 

Carbon dioxide 

CO. 

304.20 

73.87 

0 094 

0.275 

Carbon disulphide 

CSj 

552.00 

79.03 

0.170 

0.293 

Carbon monoxide 

CO 

133.00 

34.96 

0 093 

0 294 

Chlorine 

Cl. 

417.00 

77.11 

0.124 

0.276 

Helium 

He 

5.26 

2290 

0058 

0 304 

Hydrogen 

ii. 

33.30 

129.70 

0.065 

0.304 

Hydrogen chloride 

HCI 

324.60 

82.58 

0.087 

0.266 

Hydrogen sulphide 

H.S 

37360 

90.08 

0.098 

0.284 

Neon 

Nc 

44.50 

27.26 

0.0417 

0.307 

Nitrogen 

N. 

126.20 

33.94 

0 090 

0.291 

Nunc oxide 

NO 

179.20 

65.86 

0.058 

0.256 

Nitrous oxide 

NO 

309.70 

72.65 

0.0963 

0.272 

Oxygen 

o 

154.40 

50 36 

0074 

0 290 

Sulphur dioxide 

SO. 

430.70 

78.83 

0.122 

0.269 

Stilpliur dioxide 

so. 

491.40 

84.91 

0.126 

0.262 

Water 

11.0 

647.30 

221.20 

0.0S6 

0.230 

Organic compounds 

Acclic Kid 

CM, COOII 

1 59480 

57.86 

0.171 

0.200 

Acetone 

CH.COCH. 508.70 

47.22 

0.213 

0.238 

Acetylene 

C.II, 

309 50 

6242 

0.113 

0.274 

Aniline 

C.H,N 

698.80 

52.99 

0.274 

0.250 

Bcn/cne 

C.M. 

562.10 

49.24 

0.260 

0.274 

Butane (iso) 

C.II,. 

408.00 

36.48 

0.263 

0.262 

Butane l/i» 

C,H„ 

425.20 

37.97 

0.255 

0 274 

Butene ( 1 ) 

C,H, 

419.60 

40.23 

0 240 

0.277 

Carbon tetrachloride 

ra. 

556.40 

45.60 

0 276 

0.272 

Chlorobenzene 

c.ii.a 

632.40 

45.19 

0 308 

0.265 



Compound 


Critical 
temp 
T (K) 

Critical 

pressure 

P. (bar) 

Critical 
volume 
r (m’/moll 

Critical 
compressi- 
bility t. 

Chlorodilluor 

CHCIF. 

369.60 

49.14 

0.165 

0.264 

omethane 

Chloroform 

CHCI, 

536.60 

54.72 

0.240 

0.294 

Cyclopcntanc 

C.H . 

511.76 

21 08 

0.260 

0.276 

Diethyl ether 

C.H.OC.II 

467.00 

39 62 

0.281 

0.261 

Ethane 

C.H, 

305 43 

48.84 

0 148 

0.285 

Ethylamine 

C.H.NH. 

45640 

5624 

0.181 

0 268 

Ethyl acetate 

C.H.COOCII, S2J.30 

3830 

0.286 

0.252 

Ethyl alcohol 

CHOII 

516 30 

63 83 

0.167 

0.248 

Ethylene 

C.H. 

783.10 

51.17 

0.124 

0.270 

Ethylene oxide 

C.H.O 

468 00 

71.94 

0.138 

0.255 

Freon 1 1 

CC1.F 

471.20 

43.77 

0248 

0.277 

Freon 12 

CCI.F. 

384.70 

40.12 

0.218 

0.273 

Freon 13 

CCIF, 

302.00 

38.71 

0.180 

0.278 

Freon 21 

CHCI P 

451.70 

51.68 

0.197 

0.271 

Freon 1 1 3 

c.a,F, 

487.30 

34.15 

0.325 

0 274 

Heptane (n) 

C.H,. 

540.16 

27.37 

0.426 

0.260 

Hexane (n) 

C.H,. 

507.90 

30.32 

0.368 

0.264 

Methane 

CH, 

19070 

46 41 

0.099 

0.290 

Methyl acetate 

CH.COOCH, 506 90 

46 91 

0.228 

0.254 

Methyl chloride 

CH,CI 

416 30 

66.77 

0 143 

0.276 

Methyl alcohol 

CH.OH 

51320 

75.54 

0.118 

0220 

Octane (»i) 

C.H,. 

569.40 

24.97 

0486 

0.256 

Pentane i/i) 

C.H,. 

469 80 

33.75 

0.311 

0 269 

Propane 

C,H, 

369.90 

42.57 

0200 

0.277 

Propyl alcohol (n) 

C.H .OH 

537.30 

50.87 

0.220 

0.251 

Propyl alcohol («») 

C.H.OH 

50880 

53.70 

0219 

0.278 

Propylene 

C.H. 

365.10 

46(H) 

0 181 

0.274 

Toluene 

C.H.CH, 

594.00 

42.13 

0 320 

0.273 


Adapted from C hand rase karan. K.D. and Vcnklciwarlu. D., SI Unas in Chemical Engineering 
and Technology. Chemical Engineering Education Development Centre, IIT-Madr.is (1974). 
with permission from Chairman. Centre for Continuing Education. IIT- Madras. 
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Saturated Freon-12: Temperature Table* 


re O /- r, * h r f *, \ A t I, x f 


kra (mV kg) 


•500 .'0.115 0 000 6a 0389 00* 0.11.1 652 -8*202 

4* 0 4)355 0000650 IM7M 0 M* 640 70698 

• 460 47.955 0 000652 0 916 7*0 0 917 492 - 5 9097 

-44.0 51995 0 000655 0 2*8 909 0 2*9 55* -95998 

-42 0 58.317 0 000657 0 26' 951 0 264 AOS -1.7718 

-400 64.123 0000 659 0 241579 0242 U) 00000 

- 38.0 70 376 0000 662 0 221469 0222 125 17759 

-.96.0 77.100 0 000 664 0 209 352 0 20*016 9 5560 

-340 84.319 0000 667 0187 016 0187 683 5 3402 

-310 91057 0000 669 0.172 251 0172 920 7.12*7 

-300 1(0.341 0000 672 0158 881 0159 553 89215 

-28.0 109.193 0000 675 0146 758 0147 433 107185 

-26.0 1 18643 0000 677 0135 749 0136 420 125201 

-24.0 128.715 0000 680 0125 720 0126 400 14.3261 

210 139436 0000683 0116586 0117 268 16 1966 

• 200 150.8)6 0000 685 Q 108 246 0108 991 17.9517 

-18.0 162.940 0 000 688 0100 623 0101 31 1 197713 

- 160 175.771 0000 691 0093 644 0 094 )95 21 5957 

-140.189.379 0 000 69* 0087 24* 0087 938 234249 

•12 0 209 771 0000 697 0 081 969 0 082 065 25 2589 

- 100 21*985 0 000700 0 075967 0 076667 270974 

-8 0 235.0)0 0 000 709 0 070 994 0 071 697 28 9417 

-6 0 251.998 0 000 706 0 066 409 0 067 115 907908 

-40 2*9 859 0000 709 0062 178 0062 8S7 326*50 

-10 2*1.661 0 000 712 0 058 268 00 5* 981 34 50*5 

OO 908.440 0 000 716 0 054 650 0 055.966 96 3695 

2 0 329.222 0 000 719 0 051 900 0 052 019 98 2998 

4 0 951.047 0 000 729 0O« 192 0 0*8 914 40 1 161 

60 373.944 0000 726 0045 107 00*6093 419981 

8 0 397 942 0 000 790 0042 625 0 04.9 955 498*61 

10 0 42 ) 0*9 0 000 73.9 0 0*0 1.90 0 0*0 869 45 7805 

120 449 992 0000 7.97 00)7*06 00)8 542 47 6*11 
14 0 476 905 0 000 741 009) 6.99 0 096 979 49 58*9 

16 0 505 060 0000 744 00)9 616 0094 361 513024 

18 0 535.684 0 000 7a 00)1727 00)2 476 5)4234 

20 0 567 019 0 000 752 0029 960 0 090 713 55 )518 

22.0 599 698 0 000 756 0 028 907 0 029 06) 57.2878 

24.0 633.756 0000 761 0.026 757 0027 511 592318 

26 0 669.233 0 000 763 0 025 36* 0026 059 61.1*41 


<kj / kg) <kj / kg K) 


1731424 1650222 -00386 0 7790 07404 

17.9 02.97 165 9599 -0 0908 0 76KS 0.7.977 

172 2005 166 8968 - 0 0290 0 7581 0.7)31 

171 3724 167 8326 - 00159 0 7479 0 7326 

170 5991 168 7672 - 00076 0 7378 0.7902 


168*559 170691* 00076 0.7181 07256 

168 0053 1715613 0 0151 0 7084 0.72)5 

167 1485 172 4887 0 0226 0 6989 0.7215 

166.2850 173.4137 0 0900 0 6895 0.7195 

165 4146 174,9361 0 0974 0 680.9 0 7177 

1643372 1757557 0 0*47 0.6712 07159 

163.6522 176.1719 0 0520 0 6622 0 7142 

1627595 177 0856 0 0592 0.6533 0 7125 

161.8590 177.9955 0 0665 0 6445 0.7109 

160.9500 178 9017 0 0736 0 6358 07094 

160 0377 179 8040 0 0807 0.6272 0.7080 

159.1065 1807022 0 0878 0 6187 0 7066 

I SB. 1710 181 59)9 0 0949 0.6103 0.7052 

157.2262 182 a)l 01019 0 6021 07039 

156 2717 183.9695 0 1089 0 5939 0 7027 

155.3070 1*4 2a7 01158 0 3857 0 7015 

154.3320 183 1227 0 1227 0 5777 0 700* 

153.3461 1*5 9911 0 1296 0 5697 0 699) 

I52J493 186 8538 0 1964 0 5619 0.698) 

151.3 409 1877104 0 1432 0.5541 0 6973 

149 2884 188 5608 01500 05463 0696) 

149 2*84 1*9 4095 0 1567 0 59*7 0 69)4 

I a 24 9) 190 2414 0 16)4 0 5)11 0 6945 

147.1851 191 0712 01701 O.Sl'5 0 6936 

146 1 191 I9|*9'5 0 1768 0)160 0 692* 

145 0271 192 7082 0 1894 0 50*6 0 6920 

1439266 1935149 0 1900 0.5012 06912 

142*109 19451)2 01965 0.4999 0 6904 

141.6796 195.1090 0 20)1 04866 0 6897 

140)91* 195*896 0 2096 0.4794 0 6890 

1)9.3671 196 6550 0 2161 0 4722 0.6883 

198.1147 197.416$ 0.2226 0.4650 06876 

1969897 198.1679 0 2290 0.4579 0 6869 
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7" CO #* 

r. 

r A 


*/ 

*/. 

*, 


** 

I, 

kPa 

(mV ke( 


(U/k*) 


(kj l kt K) 




0023 940 

nn ?1 7TO 

6* 1440 

135 7638 

IV8 9CJK8 

0.2355 

0 4508 

0 6863 

V) 0 744 6ft? 

note 774 

0 022 659 

0 02 * 4»2 

65 1147 

1 54 5240 

I99 63K7 

0 2419 

0 44 58 

0 6K56 








0 248 5 

0 4»67 

0 6X50 

>4 0 X 26 003 



0021 I0» 


IM 9810 

201 0637 

0 2547 

0 4297 

0 6X44 

360 864 1* 

o ou) 7n 

0019 252 

0020 010 

71.0121 

1306755 

201 7577 

0 2611 

0 4227 

0 6838 











«h. 960 255 

(Mill 796 

0017 295 

U0IXCW5 

75 1 1 ‘4 

127 9950 

20« 1065 

0 27.58 

0 4087 

0 6825 











44 0 10*3 26ft 

0 000 M# 

0015 331 

0 016 "9 

79 1921 

125 2061 

204 39X2 

0.2865 

0 *498 

0 68 1.3 

46 01 109 948 

0.000 814 

0014 749 

0015 563 

II 2510 

123.7702 

205 0212 

0 2921 

0387* 

0.6806 

48 0 1 163.453 








03808 

O6800 

50.0 1218 *38 

OUOH26 

0013 272 

0014097 

85 4 1 06 

120 8071 

2062177 

0.3055 

0.3738 

0 6793 

52 01276 143 

0 0TO832 

0 012 590 

0 013 422 

*7 5132 

119 2762 

206 7R<*4 

0 3118 

0 3668 

0 6787 




0012 781 




03182 


0 6780 

56 01396 661 

0000 M4 

0011 329 

0012 173 

91 7611 

116 1071 

207.1752 

03245 

03527 

06773 

5S 01459 96* 

0. no 151 

0010 745 

OOll 506 

939224 

1144648 

20* 3872 

03309 

0.3457 

0 6766 

M) 01 525 354 

0000 *<* 

0010 190 

0011 cux 

96 0960 

1127809 

20* 8769 

0.3373 

03385 

06758 
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r rro fj 

(kP» 


.'60 000 196 
5 VO 000 21.4 
620000 23.2 
650 000 24V 
6*0000 266 


0000 7SI 0030 
0000 755 0 02* 
0000 759 0027 
0000 763 0 026 
0«)0 766 0024 


340 0031 091 
779 0029 534 
.363 0 02* 122 
073 0 0261*3 
191 0 025 65* 


54 9270 140.7*54 195.7124 
5*7215 IJ970M 1964303 
51 4559 131 6579 197.11)1 

60 1346 137 6309 197 7655 

61 7636 136 6247 19* 3**3 


0 2012 0 4810 0 6891 

0 2142 04743 0 68*5 

0 2200 0 4679 0 6879 

0 2256 0 4617 0.6873 

0 2309 0 4551 0 6*67 


710 000 2*2 
740 000 29* 
770 000 31.3 
*00000 32* 
*40 000 347 


0000 770 0023 
0000 773 0 022 
0000 777 0021 
0000 780 0021 
0(03 7*5 0019 


*06 0 024 573 
*04 0 023 57* 
*7* 0022 654 
017 0 021 797 
962 0 020 746 


63_3432 135 63*4 19*9*36 
64 **37 134 6702 199 5539 
66 3*2* 113.71*2 2001010 
67*449 1317806 200 6255 
69 7396 131.5535 201 293 j 


0 2361 04501 0 6862 

0 2411 04446 0.6857 

0 2460 0 4392 0.6852 

0 2507 0 4 Ml 0 684* 

0 2568 0 4274 0.6842 


880000 

960.000 
1000 00 
1050 00 


36 5 oan 78V 0018 99* 0019 7*7 
3* 3 0000 793 001*114 001*907 
40 0 0 000 79*0017 300 001*098 

41.7 0000 802 0.016 549 0017 351 

43.7 OOU) *03 0.01 5 686 0016 491 


71 5773 130 3496 201 9270 
7.3.3639 129 1656 202 3294 
75.1013 1280017 203 1030 
76.7967 126 8519 203.64*6 
71*5*5 125.4364 204 249* 


0 2626 0 4210 
0 26*3 0414* 


0 2790 0 40.30 


06*36 

06*31 


1100 000 4$6 
1150000 47 5 
1200 000 49 J 
1250 000 51 I 
1.300000 52* 


0000 81.3 0.014*9* 0015 711 


*0*591 124.0452 204 9043 
*2 806* 122.6713 205 4791 
*4.7076 121 3135 2060212 
*63615 1 19 9718 206 5333 
883725 118 6441 207 0166 


03916 03891 
0 2976 0 .'826 

0.3144 03640 



I3M3000 5 
1400 000 5 
1450000 5 
1500 000 5 


0000 *39 0.01 1 792 0012 632 
0000 845 0 011 297 0 012 142 
0000 *50 0.010 *34 0.01 1 6*4 
000 855 0010 400 OOII H5 
0000*63 0.009 797 0 010 660 


90.1455 1173273 207.472* 
9I.&S28 II6 0205 207 9033 
933870 114.7221 20*3091 
95 25*2 113.4337 20*6919 
97 7141 1 1 13097 209 2238 
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Super healed Freon -12 



0.05 MPa ( - 

45.2*C) 


0.10 MPa (-30.I"C) 

r <*C) 

» 

« 

h 

* 

' 

* 

h 

■ 


ImVkg) 

lkJ/k«> 

Ik Mg) 

(UA| K) 

(m'Ag) 

IkJ/kg) 

IkJ/kg) lll/kp Kl 

-40 

0 312 889 

154 4476 

170 0920 






-30 

0327 425 

1592255 

175 59N< 

0 769* 

0 IK) 122 

|\* '516 

174 344.8 

07179 

-20 

0 341 «47 

164 1082 

1*1 2006 

07919 

0 167 701 

163 3116 

1 Ml 081 7 

0 7410 

- 10 

0 356 176 

169 0946 

1*6 9054 

08140 



1*5*970 

0 76.36 

-0 

0J70 429 

174 1829 

192.7043 

08356 

0182 573 

1735367 

191.7939 

0 7856 

10 

0-344 619 

179.3710 

19*6020 

0 8568 

0 189 901 

178 7842 

197.7742 

0 8071 



IS4 6568 

204 5946 

08776 

0.197 172 

184 1213 

203 8385 

08281 

30 

0 412 tus 

190 0375 

210 6799 

0 89*0 

0 204 397 

IS9 5467 

209 9S61 

0 8487 

40 

0 426 903 

195 5106 

216 8557 

09ISI 


195 05*9 


0 8690 

M) 

0440 925 

2010733 

2231195 

09377 

0218 734 

200 6560 

222.5294 

0888* 

60 

0 454 919 

206 7227 

229.4687 

09571 

n 775 857 

7K4449 

228.9216 

norm* 

70 

0 468 8S9 

212 4562 

235 9007 

0 9761 

0 232 954 

212 0965 

235 3920 

0 9274 

SO 

0 462 S'8 

218 2709 

242 4128 

0 v*4< 

0 240 031 

217 9.355 


0 9462 

w 

0 496 760 

224 1641 

249 0026 

10132 I 

0 247 0*9 

223 8503 

248 5592 

09647 

100 

0.510 664 

2301331 

255.6673 

10313 

0254 130 

229 8381 

255 2518 

09829 


0.30 MPa 1-0.8-C) 

0.50 MPa <15.6-0 

JPO « 

. 

* 

zn 

7(0 v 

u 

h 

a 


<»Vkg) 

IkJ/kg) i 

lUAg > (kJA* K> | 

(mV kg) 

(Id /kg) 

(kJ/kg) 

(kJ/kgK) 

n 





20 0035 557 


,o, .... 

0.7009 

10 





«0 0037 365 

1*5 2545 

203 9372 

07236 



















40 

0.067 943 

193 1771 

213 3601 

0 7873 










70 0044 on 








06079 





«> 

















0 *6*6 

HI) 

0078 120 

216 5595 

2»9 9955 

0 *668 




(1 KM I 

90 

COSO M) 3 

2225668 

2«6 7476 

01*56 










120 0 051 *<*0 

239 *7*4 

265 8235 







130 0 053 401 

246 1990 








140 0 054 900 



0 9.374 


0 087 952 

240 9672 

2673529 






IV) 

0 090 376 

247 2228 

274 *355 

0 9577 





140 

0 092 7SX 

2533371 

281 3735 

0 9749 





150 

0095 191 

259 9084 

288 4658 

09919 
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Substance 

Formula State A Hj 

kJ/mol 

ac; 

kJ / mol 

Sodium sulphate 

Na,SO, » 

-1385412 

-1267.763 

Sodium sulphate 

Na.SO, IOH.O » 

— 4327 058 

-3646.284 

Sulphur 

S s (monoclinic) 0417 

0 

Sulphur 

S t 

219 388 

182.544 

Sulphur dioxide 

SO, t 

- 297 263 

—300 612 

Sulphur inoxide 

SO, 1 

— 395.234 

—370.532 

Water 

H,0 1 

- 285 958 

— 237.392 

Water 

11,0 g 

—241 997 

— 228 600 

Zinc chloride 

ZnCl, . 

-416 168 

-369.694 

Zinc Oxide 

ZnO i 

—348 342 

—318 187 

Zinc sulphate 

ZnSO, a 

— 979.293 

-872 110 

Zinc sulphate 

ZnSO, . 7H.0 t 

— 3077.717 

—2561.903 


Adapted from Chandrasckaran. K.D. and Venkteswarlu. D.. SI Units In Chemical Engineering 
and Technology. Chemical Engineering Education Development Centre. I PT- Madras (1974). 
with permission from Chairman. Centre for Continuing Education. IIT-Madras. 
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Standard enthalpies of combustion of some selected compounds at 29H. 15 K* 


Compound 

Formula 

(state) 

— AH" kJ/inol 

Hydrocarbons 



Final producls : CO, (g). H.O (II 



Carbon (graphite) 

C(s) 

393.78 

Carbon monoxide 

CO(g) 

283.18 

Hydrogen 

H.lg) 

286.03 

Methane 

CH.(g) 

890.94 

Ethvnc (acetylene) 

Wg> 

1300.48 

Ethene (ethylene) 

C.H.Ig) 

1411.93 

Elhane 

C : H„(g) 

1560.92 

Propync (allylenc. meihylacetylcne) 

C,H,(g) 

1938.94 

Propene (propylene) 

C,H,(g) 

2059.85 

Propane 

C,H,(g) 

2221.54 

n-Butanc 

C,H,„(g) 

2880.44 

n-Pcnlane 

C,H,,(g) 

3538.52 

Bcn/cnc 

C .H. Ig> 

3303.72 

Cyclohexane 

C,H,, (1) 

3922.53 

n-Hexane 

C.H„(I) 

4165.91 

Toluene (nicthylhcn/cnc) 

C.H,(I) 

3912.56 

n-Hcplanc 

C,H 11 (I) 

4820,14 

n-Oclanc 

C.H..II) 

5474.37 

n-Dccanc 

C-H^ll) 

6782.87 

Alcohols 



Final products: CO. (g). H.O (1) 



Methyl alcohol 

CH.OIg) 

764.47 

Elhyl alcohol 

C : H.O(g) 

1410.20 

n-Propyl alcohol 

C.H.O (g) 

2069.37 

n-Butyl alcohol 

C.H„Olg) 

2721.34 
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Compound 


Formula - Atf® kJ/mol 

(stale) 


CHO Compounds 


Final products. CO. (g). H,0 (I) 


Formaldehyde 

CH,0(g) 

563.84 

Acetaldehyde 

C,H.O(g> 

1193.15 

Acetone 

C,H.O(g> 

1822.60 

Ethyl acetate 

C,H,0.<g) 

2292.11 

Phenol 

C.H.O(g) 

3129.84 

Sulphur compounds 

Final products: CO, (g), SOj (g). H^O (1) 


Carbonyl sulphide 

COS(g) 

553.54 

Carbon disulphide 

cs,(g) 

1103.31 


Adapted from Chandrasekaran. K.D. and Venktcswarlu. D.. SI Units in Chemical Engineering 
and Technology. Chemical Engineer ng Education Development Centre. HT-Madras (1974), 
with permission from Chairman. Centre for Continuing Education. IIT-Madras. 
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Isobaric molar heat capacities of some selected gases in the ideal gas stale. 


cj mi + bT + cT’* Jr' + eT-*:C° it in it mol K and T\% in K 
(from 298.16 K lo TJ 


Compound Formula T m a hx 10’ cx 10* dx 10* rxlO* 


Mrihint CM, 

Dh* C.H, 

P»-p-r C.H. 

rv Butane C,H„ 

►P «*«* C.H., 



<0449 III? 

112229 — 74J43 

307.259 — 160.1)2 

J8JJII -191*49 

476 394 — 230366 


-7 204 
10797 
32.74} 
39 959 
51 229 


n- Hexane 
o-Hepua.- 
►Octane 


C.H„ 

C-H. 

C.K 


1000 3M3 565691 -3003 14 

1000 5 020 653 649 —348 678 

1000 6907 741770 —397204 


72313 

82629 


Ethylene 

Ptopjl« 

l-Bnrer* 

l-Pemene 

IHfiwr 


CH. 

C.H. 

C.H. 

C«H„ 


4 196 154365 —81076 

3 305 2*5 821 —117.580 

2539 .344 871 —191252 

7 480 424 413 —231868 

8630 SI4S63 -2*1959 



60256 


l-llepeene 

l-Octcnc 


CJI* 1000 9 806 605 750 -334095 

C.H, 1000 12157 692.181 —380986 


Acetylene 

Piop7« 

l-Prniync 


CjH, 1500 50969 

C.H. 1500 23456 

C.H. 1500 13458 

C.H. 1*00 18 591 


16 227 — 

8*75* -'***; 

.'60990 —149.172 

348 394 -1*4 165 

442.250 —243 460 


15 867 
32 538 
39 838 
52 555 


l-Hw* CjHjj 

l*Oc)iw C.H. 


21 402 521087 -288 710 61 507 

23 4.31 615 Ml -337.270 72 032 


Aceukkhydc CH.CHO 

Ammonia NH, 

C;H. 

l.3.Bui»h»iw C.H, 

Cnthon J*o«kV CO, 


1000 21 879 

1800 29 747 

IV» —3.3893 

1000 -295* 

»00 45.369 


161. 191 -85883 

2*108 — 

471 793 -298 294 

340 027 -223652 

8688 — 


IS 281 

70 823 
36 521 


-I 546 


Carbon monoxide CO 2*00 28061 4 631 

CuboadiMlfafe CS. 1*00 52470 6693 


-0 251 
-7_5J2 


Oikaiac O, .3000 36.931 0.740 

IXurogen wroude N,0, 2000 96 941 18.765 


-2 860 


-23 171 
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Compound Formula T m a bx 10' cx 10* t/x I (T ex\0 % 


Uhanol 
Llhyl hcortnc 
Hyikofrii 


C.H.OII 1000 20691 

C,M ( . 1500 -3457* 

M, MB 37.012 


205346 -9*793 

661 (M3 — 409fBW 

3509 — 


IIR25 — 

•>6664 — 

— 0 690 


Hythnprn tallUc H^S 

Mnlurwl 04, OH 

Nun.nvdr NO 

Ntirojcn N ; 

Nflopniiot* NOj 


32 6*2 123*8 — 

2* 367 -15a 10631 

27 370 4 9.30 — 

41 420 * 935 - 


- —1.929 


—4347 - 

- 0.333 

- - 6583 


(Hyp. o, 

n-Pn>pyl»«u«c C.H,, 

Sulfur iboikk SO, 

Sulfur tnmuk SO, 

Tolueur (\H, 


XU) 30 255 

1500 -29 *44 

2(00 47 3*1 

XCQ 67011 
1500 -33*76 


4 207 — 

741*46 — 452 206 

*7*0 — 

556952 —342315 


— 1.8*7 
-8 439 


2C00 


2*850 


11055 








Nomenclature 


A 


A 

A 

A/F 

a 


a , 


B 

B 

B 

B- 

b 

b 


Ampere : Area 
Helmholtz free energy 
Air-Fuel ratio 

Molar (or specific) Helmholtz free energy 
Acceleration 

constant in expression for molar heat capacity 
constant in equations of state 
activity of component i 

B 

Darrius function or Availability for a flow process 

Second virial coefficient 

Magnetic field 

Second virial coefficient 

Constant in expression for molar heat capacity 

Constant in equations of state 
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c 

c 

c 

C' 


c r ~ 
C , - 

Cd — 
COP — 


ft O' — 

ft, — 

D o - 

d — 


F 

F 

1 

f° 


c 

Number of independent components 

Capacitance 

Third virial coefficient 

Third virial coefficient 

Molar (or spcccfic) heat capacity at constant pressure) 
Molar (or specific) heat capacity at constant volume 
Candela 

Coefficient of performance 

Constant in the expression for molar heat capacity 

D 

Fourth virial coefficient 
Bond energy 
Dissociation energy 

Constant in the expression for molar heat capacity 

E 


Energy 

Specific (or molar) energy 

Constant in the expression for molar heat capacity 

F 


Force 

Thermodynamic degrees of freedom 
Fugacity 

Standard state fugacity 



rcwcuture 


E83 

G 


c 

C 

AG? 

AC? 

X 

* 

X 


AH? 

A 

A 

A 

A* 

A 


Gibb's Free Energy 
Universal gravitational constant 

Standard Gibbs free eneigy of formation 

Standard Gibbs free energy change at temperature T 

Acceleration due to gravity 

Molar (or specific) Gibbs free energy 

Partial molar Gibbs free energy 

H 


Enthalpy 

Magnetic field intensity 

Standard enthalpy (heat) of combustion 

Standard enthalpy of formation 

Standard enthalpy change of a reaction 

Molar (or specific) enthalpy 

Planck's constant 

Height 

Specific enthalpy of moist air 
Partial molar enthalpy 


I 

Current 

J 


Joule 
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K 

K 

— 

Equilibrium constant 

a: 

— 

Spring constant 

K„ 

— 

Equilibrium constant expressed in partial pressure 

K y 

— 

Equilibrium constant expressed in mole fraction 

K n 

— 

Equilibrium constant expressed in moles 

kg 

— 

Kilogram 



L 

L 

- 

Length 



M 

M 

— 

Molar mass 

M 

— 

Magnetization 

MEP 

— 

Mean effective pressure 

m 

— 

metre 

m 

— 

mass 

mol 

- 

Mole 



N 

N 

— 

newton 

"o 

— 

Avagadro's number 

n 

- 

Number of moles 



P 

P 

— 

Pressure 

P 

— 

Number of phases 

Pa 

— 

Pascal 

P t 

- 

Saturation pressure 

P 


Partial pressure 
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Q 

Q — Energy transferred as heat to a system 

Q c — Electric charge 

Q h — Energy rejected as heat to a high temperature reservoir 
Q, — Energy absorbed as heat from a low temperature reservoir 

q — Energy transferred as heat per unit mass or mole 


R 


R — Electrical resistance 

R — Universal gas constant 

r f — Cut-off ratio 

r € — Equilibrium interatomic distance 

r 0 — Compression ratio 

r f — Pressure ratio 

r — Pressure ratio for constant volume combustion 


s 


S — Entropy 

A.S 0 — Standard entropy change of a reaction 

s — Molar (or specific) entropy 

s — second 

T 

T — Temperature 

r — Time 
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Subscripts 

c — Critical point 

c — Compressor 

e — Exit of a control volume 

/ — Final slate 

/ — Saturated liquid 

fg — Change in property due to vaporization 

g — saturated vapor 

G — Generation 

i — Initial state 

i — Inlet to a control volume 

N — Nozzle 

P — Pump 

r — Reduced parameter 

Sat — Saturation 

Sys — System 

Sur — Surroundings 

T — Turbine 

tp — Triple point 

Uni — Universe 
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Index 


Absolute temperature scale 

2 61 

Absorption refrigeration 

501 

Acentric factor 

136 

Acoustic velocity 

106 

Activity 

621 

Adiabatic flame temperature 

610 

Adiabatic process 

1M 

Adiabatic saiurator 

529 

Air-fuel ratio 

56B 

Air-standard cycle 

453 

Amagal's Law 

508 

Atmospheric pressure 

10 

Available energy 

3 11 

Availibility 

318 

Availibility function 

M8.3SQ 

Bar 

1 

Base units 

3 

Bert helot EOS 

U1 

Binary vapor power cycle 

452 

Boyle's Law 

100 

Brayton cycle 

482 

Carnot cycle 

254.421 

Carnot heat pump 

265 


Carnot refrigerator 265. 433 

Carnot Theorems 257 

Cclcius scale 63 

Charles Law L6D 

Chemical Equilibrium 24 

Chemical potential 343. 616 

Clapeyron equation 463 

Clausius-Clapcyron equation 41i 

Clausius-equalion 465 

Clausius inequality 273 

Clausius statement 245 

Coefficient of 

performance 243. 274. 435 

Coefficient of volume 
expansion UL 26. L16 

Combustion Reaction 567. 532 

Compressed liquid 82 

Compressible substance 76 

Compressibility factor 123 

Compression ratio 456 

Compressor 197. 49Q 

Consequences of the First Law of 
Thermodynamics 146 

Constant pressure process L51 467 

Constant volume gas thermometer 36 
Constant volume 


process 42, L4J. 462 
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Control mass 12, L86 

Control mass analysis 152. 214. 224 
Control volume 185. 309 

Control volume analysis 215. 222 

Cooling Tower 564 

Criterion of Chemical Equilibrium 24 

- equilibrium 619 

- irreversibility 250 

- mcchinica) equilibrium 24 

- thermal equilibrium 24 

Critical constants 664 

Critical temperature 80 

Critical point 80. 84. 82, 24 

Critical pressure 80 

Cut-off ratio 463 

Cyclic change L3I 

Cyclic relation 365 

Dalton's law 508 

Darrieus function 351 

Degree of conversion 

- effect of pressure 641 

- effect of ratio of reactants 644 

- effect of addition of inert gases 648 

Degrees of freedom 62 

Dehumidification 554. 559 

Dchumidificr 554 

Desert cooler 561 

Dew point 523 

Dew point temperature 524 

Diesel cycle 408. 462 

Dictcrici EOS 115 

Dry-bulb temperature 533 

Dryness fraction 22 


Dual cycle 424 

Effect of temperature in 6//° 604 

Elastic work 
Energy analysis 
Energy minimum principle 
Enthalpy L52, 383. 

Enthalpy of Vaporisation 
Entropy 284. 

Ericsson cycle 
Euken coefficient 
Evaporative cooler 
Equation of state (EOS) 

Equilibrium constant 620. 

Equilibrium 

Exact differential 13, 

Excluded volume 
Extensive property 
Extent of reaction 

First law of 

thermodynamics 139. 189, 

Formation reaction 
Free expansion 
Fuels 
Fugacily 
Fusion curve 

Gas refrigeration cycle 503 

Generalis'd compressibility 
chart 125.666 

Generalized work interactions 59 

Gibbs free energy 329 

Gibbs phase rule 62 

Graphical representation of data 91 

Heat 60 




INDEX 


691 


Heat engine 239 

Heat exchanger 

Heat pump 2 43 

Helmholtz free energy 329 

Higher healing value 595 

Humidity ratio 524 

Ice point 69 

Ideal gas 70. 166. 292. 3&3 

Ideal gas EOS 101 

Ideal gas temperature scale 2D 

Ideal Rankinc cycle 426 

Ideal vapor compression 
refrigerator 494 

Indicator diagram 424 

Intensive parameters 336 

Intensive property 12 

Internal energy 22, 381, 385 

International system of units 3 

Inversion point 208 

Inversion curve 208 

Inversion temperature 210 

1PTS-68 23 

Irreversible process 249 

Isentropic compressibility 26 

Iscntropic efficiency of 

- Compressor 312 

- Nozzle 312 

- Pump 320 

- Turbine 313 

Isobaric process 151 

Isolated System 12 

Isothermal compressibility 18, 26. 116 
Isothermal process 161 

Iterative calculation of volume 102 


Jacobian 366 
Joule 5 
Joulc-Thompson coefficient 207. 399 

Kelvin 3 
Kclvin-Planck statement 244 
Kinetic energy 19 
KirchofT relation 412 


Law of corresponding states 123. 136 

l-ever rule 
Linde process 
Lower heating value 

Macroscopic approach 
Macroscopic modes of energy 
Mass fraction 

Maxwell relations 338. 

Mean effective pressure 457. 469, 
Mechanical energy 
Mechanical equilibrium 
Matastoble equilibrium 
Metre 

Microscopic approach 
Microscopic modes of energy 
Mixing of gases 
Moist air 

Molar heat capacities of gases 


Molar mass 1 1 

Molar property 18 

Mole 3 

Mole fraction 505 

Mother diagram 2L 182 

Mnemonic diagram 339 
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Engineering Thermodynamics Through Examples presents ttre basic concepts, pnnctples and their 
applications in analysing real life problems in an interactive manner. The booh covers the syllabus of 
all universities and engineering colleges and can be used as a primary text or a supplement to any 
text book on thermodynamics for undergraduate students of all branches of engineering, It can also 
be used os a reference booh by graduate students and prectk ing engineers. 

Key fra turn 

• Emphasis is placed on precise and logical presentation of the concepts, principles and their 
applications In analysing practical problems 

• Contains more than 76b solved eiamptas covering the syllabus ot engineering Ihermodynamlcs 
of all unlversitles/engrneenng colleges These examples are sequentially arranged tn rover the 
subject matter in the most logical order. 

• .lacobran method ot deriving thermodynamic relations in addition to the conventional partial 
differentials method is presented and illustrated Ihrough several examples. 

• Availability analysis and second law efficiency are discussed In detail. 

• Psyrhrnmelry and c hem Kit thermodynamics am well Illustrated through numerous examples. 

• Sufficient thetmodynarmc property data tables ace appended 
» Extensively illustrated. 

Prof V V C Rao obtained his BTeen degree in Chemical Engineering from Andhra University. 
Visalrhapatnam. and his Mlech and PhD degrees in Chemical Engineenng from the Indian 
Institute of Technology. Kanpur. At ITT Kanpur Prof Rao has been teaching thermodynamics at all 
levels— core, undergraduate, professional and postgraduate— since 1973. He hai published several 
research papers in national and international journals in the areas of thermodynamics, molecular 
energy transfer and shock waves, and has presented several papers tn national and international 
conferences In addition to this book, he has published five more books on thermodynamics. Prof 
Rao was a f ulbrignt visiting research scholar at the Columbia University, New York, and is a fellow of 
file Institution of Engineers and the Indian Institute of Chemical Engineers 


BB 


Premier 12 



